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27 March 1985

VOLUME Ill - PRESENTATIONS FROM SESSIONS 5B THROUGH 8

Due to the large quantity of information contained in the eleven sessions

of the Rendezvous and Proximity Operations Workshop, the presentation material

has been assembled into three volumes for the Proceedings. These three

volumes. (Volumes II - IV) are in addition to the Executive Summary (Volume I),

Which was published and distributed on 27 February 1985.

l

|

Volume I - EXECUTIVE SUMMARY, 27 February 1985

Volume II - PRESENTATIONS FROM SESSIONS 1 THROUGH 5A

| VOLUME Ill - PRESENTATIONS FROM SESSIONS 5B THROUGH 8

| VOLUME IV - PRESENTATIONS FROM SESSION 9 THROUGH 11

An itemized list of the presentations and authors precedes each of the

Sessions in this volume.
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SESSION5B - MAN AND/ORMACHINEOPERATIONS

5B-I. "AUTOMATED RENDEZVOUS AND DOCKING SYSTEM" - JOHN TIETZ/

MARTIN MARIETTA AEROSPACE

5B-2, "AUTOMATED SATELLITE SERVICING ON ORBIT" - HANS

ME ISSl NGER AND E. MEDLER/TRW

5B-3, "A JAPANESE EFFORT IN SPACE ROBOTICS" - K. MACHIDA, M.

0NO, AND Y. TODA/ELECTROTECHNICAL LABORATORY

5B-4, "TELEPRESENCE SYSTEMS' ANALYSIS AND NEUTRAL BUOYANCY

VERIFICATION" - DAVID AKIN/MIT SPACE SYSTEMS LABORATORY

_,.,wJ

5B-5, "INCREASED INTELLIGENCE AND AUTONOMY IN SPACE OPERATIONS"

-A. BEJCZY, C. RUOFF, AND S. SZIRMAY/JPL



V

Z

S'8- 2.



J

i=-
Z

l_ul

Z

I
cO

I.--

I---
Z
O

Z

Z

%..-

O
l=u.

I-i

G_

l..ul

I--4

G_
I=i=I

O

"n-
l--

_=_

O
l=l-

l.,ul

'v*

O

I---

,--,I
I=I=I

O
F--I

l=ul

O

I---I
C_

G_

i,I

I--

i--.4

C,"_

I

I--

e_

O

ILl

I---
I---

I--4

%--

Z
I.--i
I--*

58-. 



L_

0
C_

-r"

W

0 0 0 0



v



C_
Z
O
I--I

-.J
£.b
Z
0

..d

_C

0..

<C

0.

.cC

i,i
0..
>-
I--

GO
I--t
"r-

Li-
O

LI.J

GO
>-

i.i
C._

C_
L_

0

G_

Lul

>-.
GO

C_

"-t-
l--
0

I--t

I,i
GO

I,i
¢0

..J

C_

LId

GO
>..
GO

GO

"I-

Ll..

LLJ

I--"

I,i

0

C"J

CO
1,1

LIJ
Z
0

C_
LIJ

0

i,i

LLJ
--J
C_

i---

0

(-1
I--I

¢.3

I--I

C.b
0

t.l.I

!--

t,i

F--I

C:_
i,i

GO
F--
i,i
CO
0_

CO

I---t
...J

6.,.

I---

0

C..O

I--I

I--I

0-

0
GO

>.-

Q

Li-

0
I--I
I.--
,cC

0 L_J

Z .cC
_--I --t-

O.
>-

•=C .-J

..J

X 0

L_I GO
£.b >--
£.b CO

LI.J
Z C._

r-I

...J
I--I r'_

_" CO
...j i,i

t--t
LI.J
--1-

.cO

0



I---
_J

I--I

LIJ
r_

Z

r'_

I--
LIJ
(0

I---

L_

I..-I
I'--
.,C

a.
0
0
(0

I--
I--I

Q:
0

I--

>..
G_

0

Z
I--I
..J
rr_
m

I-.-

W

>-

Z

r,.-
Lt.J
:>
=:)
LIJ
Z

I---
0

Z

I---
IJJ
C.9

,<
I--

0

LIJ
tO
Z

I--I

0
LIJ

¢')
I..iJ
¢-J
::)

Lul
I--

>-

0

I--
C.)

I--

0
0

0
I---

(,')
,.,,.
LzJ
i--
ILl

LI-
0

t.,J

Z

r,-

¢0
W
..-I

Z
,<:

LIJ
I.--
C'J
>-
GO

0

5"8-"/



V

V



Z

I,.-I

i,i
e-'l

I--I

I,--I

0

I'--
i,

Q_ ev'
-q_" I-- (._

-,_ _,= .,,:,, .,11
_ ,- '.°- /

" \/"-',
\

\

\
Z _

1--I O _..1



£1..

.<:
._.1

..I,.,

G_
.<Z:

LL.

LI_
0

Lad

<C

,':C 0 0 0 0

5"B-/D



Z

C')
I.iJ

I.iJ
I---

).-
GO

O
n,-
I'--
Z
C)
C.)

Z

I--4 O _-4 .J
U.I I_ _ i.i I-- (..) I--" "_

I--4 I--4 --d

_.1 !.1 ,_ I--I -r-
-r" z I_ f,.) I_

i.,

I._1Z i-4 n _ n_ I--

i--4 n_" C') b.I .-J _.- '_ r_ I--i n"
:_ I'-" I- nn O UJ O _"- _"

Z f._ Z .--I _" 0 ¢_ ._1 ¢_ I.,.I
O ._ b.I I--I_ ...I t.d
I-4 t.d -_" 1.1.. I--- f_ )-
G"J _'- _ .--I _ f_ G"J .--I

P_" Z I--- O _._ I._ Z

O O O O O





. $8.-/3



V



f-

LJ

_o

4.J

'O 1,4 w
C O

u _

_ _ -

jl |'_ :

%...,,/

_8-_3"



m

mllm

I=
2

IImmmm

@
m

mmm

OD
C

m

ID
m
@

Lo
n_

o
Q

"o
i111

v



L

,-, ,., ._ ,., _

" __i _

' _-/"7



>..
.C

"0

0

/



,,C

iN

"0
B



(U

n_

J=

¢3)
G)
10
6
0
0

/
I

-%

58-20



E
I

llI

/

5"8-2 _



._J

r_

I---

I.--

I,-.-

<._

ID

la.I
-.I

-.I
--I

H
I--

w
Z
I--.I

I.--

w

Z

2_

O

0.

O
O

O

C"J

LIJ

LIJ
Z

(3

C/3
LIJ

p,.,.

Ill

l--
ILl

I'--

-I-
I---
I--I
:3=

r_

::=

,,=,

C"J

(:3

I--I

r.,'_
l--
ILl

(.,3

1-4
-,.I

:::3
I--

-I-

I--I
,=_

Z
I,--I

p,..
O

Z

0

I---

I--
I,--I

I_ I-=I
.-I ,,_

Z
,,_ I--I

NN

L_
...I

O

I--t
-r-
I"-

W

-.1
Q

--1

0

Z

O

W
...1

_.1

Q

, 8-2Z.

V



F'--

=F.

L._
F-"
N

.J
L._

W

F--

z

q=_ Z

Lr_

N

_--,.,_ =_ _r=_= _

z
..J

M_
C_

m,,

L_



V



_J

|

m

m

..J

..J

H-

m_J

5-

j-.

=_

el

U

O
j--

Z

m

C_

Z
N

I-

,.-. I-- I_ Z _. (iO

._I _ _ laJ -- Z

I-- I-- I'-- 1.1-. _ (_ Z

0 li II II II II D





Z

N

Z

z
m

z

m

N

r_

a.

m

|

m

I.I. "_ _ *-m Z q._

_1_ "

Z

• • • Q • 0



__ _ i _

,o ii

v

V



.dL

d

L,I-

W

v

i

i! !

| . am



o [ _ >

._ _

I.-

_t

L,.J
I--

_,- ¢U o_- _ ._- _ 0 I._ 0

_ ,_ _._ ._.- _ _ e-_ _1_ •

W

V



| -._
]l J



" 3 _ _0 k 0

e- 4o C

_ _._ _-_ _,_

._ 5 =" •

I,-

z

t_

• 2 . _'_

4J O" ¢n _ ¢U _ "

,.-- 4._ I= 4) 0 ""

¢U _ X ¢- (J ¢U S.. E

4

V



I

n

_t_

N

k--

t_

W
e_
0.
W





0

L._>
Z C_
,--. L,.:
...J
CL.
,--.- l.iJ
_.-) I---
(_.--.
.-.._J
_._

Z_--

.J

C1.

Z
m

I.-

W (.0

_r_ _

• Q 0 0

|

z
N

I_ -- Z

•_ I.-- (._
,--,

Z (._ Z

Z c;: ,(:: ,,::(
•--, Z Z ,_.
I: l._J t._J ,,=:

• • Q •



(-3
Z
I.;J
U')
I.;J

la,J
.,.J
W

Z
i=[

Z
C>

I.--

A
C)

..J

F--

"_ _ - ,-

" _

_ ..__ _ _-'> .-. ==2

*_- ._1

op.

g ° g _--

_= E =-

J
V



_J

_wlJ"



Z

w

I.-

._,1

I,--

e_
!

I.a.I
(....1
,me

0
l-,-

It)

0

I-.

.,-I

e._

T"
la3

ev'
l,,a=l
e_
X
I=_

e==, _ -F'-

v u,_

.--- o E_

5"S-'$_



r,
m_



C_
p.d

k--

_J

C_
t'-

Z

)-.
"C

0.

C_

0
Z

(.J
_J

t--

C_





Z

¢..)

w

e_
Z
I:C

C._
Z

Z

.--I

=[:

I--!

P D

*l,- "P"

•

S,. X 0 _ _ .,- "0 0

4J f: _" .,- _,-- V_ _ "_"
S.. .," (1_ _. _ ._

w

S_ 0 V_l 4_ =1 _ r_L .--

_'8..,.t2



x..../

E=
O

OI

=I

"0
C
L'W

g=
|l

C=
m

D

n_

C=
O

II

t_

im

l=
Jl

t,J
um

I_:li!
I.____.1""

.5"_-#.5

i



V

I'--
Z
w

taJ

)..

g
..J

(.1
_.J
I.--

Z

N

L_

,.-.,
I.*J
I'--
¢:

i'--

"_" _'_ e"

o_,_

4,,1 _

* _ I- _" "0 ._ U _ '_ '*J

_-- _,J ",'- _ _ _t 01 I:

p_

n
V

v



b.

kj

l.J.J

f_

i,i

.-J
C_
Z

l,..)
l,m

Z

l,l
f_

|__

' ,-I
W_31 _39N07

31VI(13W_31NI

W_31 _IV'2N

x x

x x x x x x

x x

x x x x x x

x x x

o i o!:



U
v

V

V



%

J

b"8-#_'



b't
CU

v

V



I==_I m

I._ l.=.J _::
Id. ¢.,0 _

Z laJ *---
"_J I-.- I._

-.J C_
, ..J _.._

=.-_ I._I

I-- ""

II



V



,,_.,,

,,..,,,



".t
O

0

0
z
t

i_J

z
N

C_

C_

V

_°_'_



t,

r,,,-

o

|_

00000

_ -

0 e • • _ • • _ e • •

® 6) @

I--



C_

,fm

f_ _ qWm

_.. J= J:

J=
U

,.- 4J



=



Z

..J

I--
L._

..J

>-
..J
.J

_g

Z
I,l
I--

0.

F--

V

gS- _'6

v



%

l"

A

z
0

{...;

c/)

Z
L_J

r,"
m

L_J

Z

L_J

U
Dll

L_J
I-"

5-

(n

I.-

t-
in

I_J ,-.
(..) (J

n,
uJ o

o >
_-- 0

u

_J ..d

u E
,., n,
g.. _J
x -r
uJ _.

I- o

z I..-
z
uJ

o E

u

I--.
uJ I--
u
u w

r,. .j
0
i- >
,,_ o
n, E

o

z
_- uJ

z
uJ o

c_
!

:>
0
n,

I

uJ

Z

u

uJ u. _ ,(

uJ
_. N N

I_ Z Z

*=. I-- I,=,
14. _

_.3 Z 0 _,J
I- I.-

uJ uJ uJ

V) uJ X
a, _ I- I.u

I •



Z

..I

e,_

V

• u



U..
(E
X

Z
¢3

Z
i,I
:E --.

(__ (/)

Z
Ill

r," .J

Z

--.J
>-

0.

i 1

ij _i

(_
u')
LtJ
(..) -l-
U U
x:C _-

Z ::=
hi
a.
C_

>- I-- q:_ (/)

IJJ
i'-
mm

.J

.J
uJ
)-

t

(/I
>-

el: z
w

0
_.- <_

Z
rr
taJ

0 0

i (/1

F- {I:

3=

_J Z
z _.
_,* ,j

0



v_
Z

v')

,--J

z
C_

V

-60





V



II

me _

(3 _..
I-- (/)

o • •



v

_I_ _ 4.) 4-_

°I'D

_.a2eeee

U
V





A JAPANESE EFFORT IN SPACE ROBOTICS

K. Machida, M. Ono and Y. Toda

Electrotechnical Laboratory

1-1-4 Umezono, Sakura, Niihari, Ibaraki 305 Japan

Abstract

Progress in Space Station Program has been stimulating

activities in the field of research and development of space

robotics in Japan. This report describes the present status of

these activities, such as study on a space manipulator, a

tel eoperated rendezvous system and R & D of a remote manipulator

subsystem for a Japanese experimental module of a space station.

And the activity concerning concept study of a free flying

teleoperator is also introduced.

I. Introduction

It is reported that so-called industrial robots are widely

used in Japanese factories, and the related technology shows

rapid progress. These do not imply that Japan is leading the

robot technology in general. The Japanese one is specialized in

the robots for limited area of mass production. For example,

studies on robotics for extremely harsh condition had started

recently in Japan. Among them, Japanese technology of space

robots is now in the stage of fundamental development. In recent

years, the space station project has been activating R & D

efforts of space robotics in Japan.

The purpose of this report is to introduce present status of

Japanese robotics activities, including research and development,

future plans and related technologies.

5"B- 
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2. Study on Space Manipulator at ETL

At Electrotechnlcal Laboratory(ETL), the study on the space

manipulator was started in 1982. Main objective is to establish

the basic technology concerning to space manipulators which will

be applied to future space stations and space factories.

Following sub themes are set for performing the objective:

i) Space Tribology

The friction and wear properties of the mechanical parts

used in the space environment are experimental ly studied. The

material and lubrication methods of bearings and gears, whose

load range are wide for using the manipulator, are investigated.

ii) Actuator

Some types of the actuators employed in space manipulators

are developed. The light weight and high reliability are

emphasized in design. Brushless DC servo motors with rare earth

magnet, a direct drive motor and harmonic drive actuators have

been developed.

IFig. 2.1 shows the harmonic drive actuator. This consists of

a brushless servo motor, a harmonic gear, an optical incremental

encoder, encoder buffer circuits and commutation electronic

circuits. Nominal out put of 30 Nm in torque and 0.3 rad/s in

rotation rate is obtained, and the weight of 1.2 kg is achieved

by light weight design effort. This actuator was operated more

than 1000 hours in high vacuum environment of I0 -7 - 10 -8 Tort.

The dry lubricants are coated on bearings and PFPE/PTFE grease is

applied to gears.

A high torque actuator of 700 Nm, whose basic design wil l be

succeeded to the Japanese remote manipulator system on the space

station, is now under development. Nominal output torque of 700

Nm at the rate of 0.05 rad/s is obtained by the combination of a

high torque motor and a novel type of the planetary gear box with

the gear ratio of 1/300.

The actuator using the shape memory effect is also

i



investigated for dexterous operation of an end effector.

iii) Manipulator $j/stem

An elbow type manipulator is developed. It can be operated

in the space chamber which is evacuated to 10 -7 Tort or less. The

arm has 6 degrees of freedom and a gripper with two parallel

fingers. Table 2.1 shows the specification of the manipulator.

The arm length is 0.88 m and the tip force is 30 N. The

configuration of a developed manipulator is shown in Fig. 2.2.

Harmonic drive actuators are used to move the link.

A system block diagram is shown in Fig. 2.3. The manipulator

and control/drive unit are set in the vacuum chamber. The

control/drive unit includes a microprocessor which generates the

trajectory and control the dynamics. The arm has a force/torque

sensor at the wrist. The end effector is equipped with optical

proximity and interrupt sensors. The grip force is detected by

the load cel Is which are embedded in the finger.

The operator controls the manipulator by the hybrid manner

which allows the computer control and manual control. In manual

control mode, resolved rate control of translational and

rotational motion are conducted by the Joy stick in the work

space coordinate. Generalized bilateral master-slave control

method is studied now.

3. A Simulation Study on Man-in-the-loop Performance

of a Tel eoperated Rendezvous S_,stem at NAL/NASDA

National Aerospace Laboratory(NAL) and National Space

Development Agency of Japan(NASDA) have been studying on a

tel eoperated rendezvous system. A simulation study of the system

is accomplished and its summary is presented here[Yo Ohkami,

Y. Tadakawa and Y. Yoshimoto]o

Objectives:

1) To evaluate performance of a tel eoperated rendezvous system

3



using TV.

2) To define requirements for information display and maneuver

system to operator.

3) To define on-board control schemes compatible to this

operation.

Assumptions:

1) Human operator on the ground station tel eoperates rendezvous

vehicle (chaser) based on the TV tmage transmitted via data relay

satel 1 i te (TDRSS).

2) Only closing phase is simulated (from approx. 100 m to

precontact) between RV and a co-orbiting target vehicle.

3) Target vehicle is co-operative but passtve only with a

"target cue".

Simulation setup: (Fig. 3.1)

1) Computer Generates Imagery(CGI) system for airplane flight

tests at NAL is used for the simulation.

* Image generation - dedicated processor with mini-

computer(S/140)

* Dynamics - super-minicomputer(MV 8000)

2) Major information provided for operators.

* TV image with transmission delay(O.l-1.2 sec.) and limited

frame rate(20-O.3 frames/sec.).

* Range and range rate with respect to target.

* (optional) Transverse velocities and attitude angles with

respect to target frame.

3) Maneuver system: - two sticks.

* Right hand - Attitude rate control

* Left hand - Translation direct control(thruster on-off).

4) Visual Display System Based on CGI Creates a Picture with

* Target vehicle

* Earth

* Background

* Cursors on RV

/

4 •

#
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Major results:

Three airplane pilots conducted the tests and stated -

a. When transmission delay increases from zero to 1.2 sec,

RV remains controllable but pilot work load also increases. Each

pilot speclfied his own "optimal" thruster levels.

b. Minimum frame rate was approx. 0.3 frames/sec (one frame

every 3 sec.). Sparse frame rate results in increase of flight

time and work load since pilot is forced to interpolate the

states in-between.

c. Configuration and dimension of the target cue are very

important when no other information than TV image is provided to

the pilot . Transverse velocities are very useful and in some

cases crucial to acceptable performance.

V

Research Activities -Past and Future-

1982 - Preliminary analysis and software development.

1983 - Simulation tests using miniature spacecraft & TV

camera.

1984 - teleoperated system simulation tests using CGI

system.

1985- preliminary analysis of automated/teleoperated

system.

1986 - Automated rendezvous system simulation (Phase I).

1987 - Automated rendezvous system simulation (Phase II),

and "Rendezvous Flyer" project to be initiated.

4. Research and Development of Remote Manipulator subsystem

in Space Station Japanese Experiment Module

Japan is going to joln Space Station Program of U.S..

Scientific and technological experiments related to life science,

material processing, space astronomy and astrophysics, earth

observation, advanced technology and so on will be performed in

Japanese Experiment Module (JEM), which is to be attached to the

U.S. space station. The JEM consists of a pressurized module, an

/

" 5
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experiment logistics module and an exposed work deck. As shown in

Fig. 4.1, Remote Manipulator System (RMS) wtll be utilized on the

exposed work deck. The main purpose of the RMS is to support

docking of the experiment logistics module with the pressurized

module, and to assist experiments on the exposed work deck. NASDA

is now playing main role in concept designing of RMS. And a

system as shown tn Fig. 4.2 is now being studied. The maximum

length of the arm is about 10 m which is Just enough for

manipulation on the work deck of about 4m x 4m, and sufficient

for handling the logistic module. The tandem combination of a

larger arm and a smaller one is considered now. The larger arm is

used for rough positioning and the smaller one is designed to use

fine operation. Each of the arms has 6 degree of freedom in

motion. The larger one wtl 1 be driven by resol red rate control

mode, and a bilateral master slave control will be adopted for

the smaller arm.

R & D of critical components of this manipulator will be

done during '85 to '86 fiscal years.

5. Concept Study on Free Fl_/ln_ Teleoperator

Some concept studies on a free flying teleoperator are

carried out in Japan. A teleoperator equipped with a laser radar

which has a capability to capture and retrieve a satellite wlth

tumbling motion is studied conceptual ly at Institute of Space and

Astronautical Science(ISAS). The study i s presented

here[I. Nakatani].

The concept is shown in Fig.5.1. The Space Flyer Unit(SFU)

is equiped with a laser radar to track corner cube reflectors on

the surface of the target satellite. Analyzing the tumbling

motion of the target satellite by processing the reflector images

of the laser radar using processors boarded on the SFU, the

relative position and attitude of the target satellite and SFU

are control led. The SFU and the target satel 1 ite are both

unmanned and the SFU is controlled semi-automatically and is

i

6
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operated by a crew on the space station.

The assumed block diagram of the laser radar system is shown

tn Ftg.5.2. Hatn characteristics are shown in Table 5.1. A

conventional GaAs diode wtth 15 mN power is used as a laser

source° A 2 mrad laser beam scans for acquisition of the target

satellite. In the small distance phase, a broad laser beam of 30

deg is used and 2-dimenslonal reflector pattern ts detected by a

CCD camera and processed. A manipulator with 4 m arm and

5 degrees of freedom is required.

6. Postscript

In Japan, national laboratories and NASDA are now engaged in

research and development of space robotics, which are mainly

motivated by Space Station Program.

Japanese space projects, depending mainly on unmanned

missions, requires development of space robotics as a key

technology.

Current Japanese national projects having close relation to

space robotics are "Research and Development Programs for

Advanced Robot Technology" and "R & D of The 5th Generation

Computer". The objective of the former Is to develop robot

technology applicable for nuclear power plants, undersea

operation, rescue operation in disaster area. The results of both

projects are expected to be applied to Japanese.space robotics

around 1995.

L __
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Fig. 2.1 Harmonic drive actuator

Table 2.1

Bus voltage 48V

Iaput power <I40W

Arm degree of freedom 6

Arm length 0.88m

Tip force 30N

Grip force 20N

Control accuracy

Position (PTP) ±Imm

Rate; Translation imm/s

Rotation 1 deg/s

Control mode

Program; PTP

Manual; Joy stick resolved rate

Generalized bilateral

Arm weight 12kg

Specification of manipulator system
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Fig. 5.1 Concept of space flyer unit for

satellite retrieval experiment
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RANGE

NEAR lm

FIELD _200m

FAR 200m.

FIELD _20Km

MODE

LASER SENSOR
BEAM SEAM

SUB-MODE WIDTH WIDTH RESOLUTION

CCD: QD
i

Io.,2. ,o. o.,,,

TRACKING -- O O -- + 0o08mrld

TRACKING

RANGING

ACQUISITION O O 2tared

TRACKING O

TRACKING

RANGING

0 4, Oo4mrad

0 - - 0 ±5_,.

SCANNING

MODE

8LAVE
TO GCD

8'_xb",,,G a n

30"x 30"

i I0 W- IC 1111

8LAVE

TO GO

SAMPLING

PERIOD

ll30se©

O.l$ie

_,78ec

N 250see

O.11ea

O.lsec

TONE

FREQUENCY

V

Table 5.1 Scanning laseP Padar operation mode
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_/_ALYSIS AND NEUTRAL BUOYANCY VERIFICATION
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ABSTRACT

Current_reSearch conducted by the MIT Space Systems

Laboratory (SSL) in space applications of telepresence

technology consists of both analytical studies and

experimental development efforts. At the conclusion of a

two-year effort aimed at identifying space applications of

automation, robotics, and machine intelligence systems

(ARAMIS), a survey of the current state-of-the-art revealed

that all of the component technologies required for an

initial operational space teleoperator currently exist, but

are scattered in laboratories throughout the U.S. The

component requirements of such an initial teleoperator system

Teiepresence Systems Page 1
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are summarized in this paper, and arguments are made for the

design goal of the system, which is to be as capable as a

current EVA crewman. Along with the requirements of space

telepresence systems, capabilities of such systems are

determined by detailed examination of candidate satellite

servicing tasks, abstracted from those required for current

space projects such as Space Telescope and Advanced X-ray

Astrophysics Facility.

In a parallel experimental effort, details are presented of

the MIT Beam Assembly Teleoperator, used for neutral buoyancy

assembly of simulated large space structural elements. This

device has been used in extensive simulations, both at MIT

and at the Neutral Buoyancy Simulator at NASA Marshall Space

Flight Center. Corroborative experiments in manipulator

development laboratories at MIT indicate that quality of

video feedback is of primary importance in teleoperator

productivity, and that force feedback, even in the absense of

time delays, is of negligable importance to the particular

tasks under study. Free-flight maneuvering of teleoperators

is also summarized, through test results of both the BAT and

the Multimode Proximity Operations Device, used primarily to

examine the role of different sensory modes (kinesthetic,

visual, and video cues) used by the human operator.

kj
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INTRODUCTION

The term "telepresence", as far as can be determined, was

first coined by Marvin Minsky of the MIT Artificial

Intelligence Laboratory. The concept is of a teleoperator

system with such a high degree of dexterity at the worksite,

and with sufficient quantity and quality of feedback to the

remote human operator, that the teleoperator system becomes

totally "transparent" to the human. Little or no processing

power of the human mind has to deal with operating details of

the system, and the human can perform the required tasks at

the worksite as if he were physically present. Such a system

might indeed be said to create in the operator a real

sensation of physical presence at the remote worksite.

V

Clearly, a telepresence system is one ultimate growth goal

for any teleoperator system. The other possible growth

direction for a teleoperator is toward more autonomy from the

operator, through supervisory or fully autonomous systems. It

should be strongly emphasized at this point that there is n__o

current meaningful basis for conclusions as to the optimum

development path for space teleoperation. Since both

telepresence and autonomous systems lie well beyond the

current state-of-the-art, there is no way to conclude that
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one or the other technology is optimal, beyond the statement

of personal prejudices. For this reason, it is strongly

suggested that further research into both technologies should

progress. In fact, it is entirely possible that the most

optimum space worksite in the future might have humans in

EVA, telepresence systems, and supervisory control or

autonomous robots, all individually working on those task

elements which are best suited for each.

TELEPRES_NCE ANALYS_$

Between June, 1981, and June, 1983, the MIT Space Systems and

Artificial Intelligence Laboratories teamed on a study

entitled "Space Applications of Automation, Robotics, and

Machine Intelligence Systems (ARAMIS)" for the NASA Marshall

Space Flight Center. The first 12-month phase of this study

consisted of developing a methodical technique for evaluating

potential applications of ARAMIS technology to future space

mission.

In order to develop a compendium of tasks to which the ARAMIS

technologies could be applied, four space projects were

chosen: the Geostationary Platform (GSP), the Advanced X-ray

Telepresence Systems Page 4
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Astrophysics Facility (AXAF), the Teleoperator Maneuvering

System (TMS, now Orbital Maneuvering Vehicle or OMV), and the

Science and Applications Space Platform (SASP). Each of these

projects was broken down into five successively finer levels

of detail. The bottommost level was that of the "functional

element", which might consist of a task such as "open access

panel" or "position and install new component". The four

space projects taken together yielded 327 discrete functional

elements. By lumping similar tasks together, this list was

simplified to 69 "generic functional elements". For clarity,

these 69 tasks were categorized into 9 types:

- Power handling

- Checkout

- Mechanical actuation ....

- Data handling and communication

- Monitoring and control

- Computation

- Decision and planning

- Fault diagnosis and handling

- Sensing

While all of these tasks could come under some facet of

ARAMIS technology, it is obvious that teleoperation and

telepresence would be primarily applicable to mechanical

handling and sensing°

V

v
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The next stage of the study involved the definition of

potential ARAMIS capabilities. Twenty-eight different fields

of ARAMIS were defined, and collected into six areas:

- Mechanisms

- Sensors

- Human-machine interfaces

- Data handling

- Computer intelligence

- Fault detection and handling

At this point, the 69 generic functional elements were

cross-referenced to the 28 ARAMIS capabilities. Those matrix

points which were not immediately rated "not applicable" were

then evaluated on a i-5 rating scale for each of seven

decision criteria:

- Time to complete the task

- Maintenance

- Nonrecurring cost

- Recurring cost

- Failure proneness

- Useful life

- Developmental risk

This cross-reference resulted in a three-dimensional rating

matrix with 13,524 elements when fully populated. However,

k_J
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since the assessment of applicabilities on a 1-5 scale is

unavoidably arbitrary, all applicable cross-references of

generic functional elements with ARAMIS capabilities were

summarized on "capability application forms", which listed

both the numerical evaluations with details of background and

references for the decisions. There were 465 such forms,

which meant that 6-7 ARAMIS capabilities were applicable to

each space program task, on the average. While details of

this analysis are beyond the scope of this paper, interested

readers are referred to NASA CR162079 and CR162083, which

together comprise the four-volume final report for this first

phase of the study.

Of greater interest in the context of this paper is the

second phase of the ARAMIS study, which focused on the

applications of telepresence technology to five astronomy

satellites:

- Space telescope (ST)

- Advanced X-ray astrophysics facility (AXAF)

- Very large space telescope (VLST)

- Coherent optical system of modular imaging

collectors (COSMIC)

- 100m Thinned aperature telescope (TAT)

Telepresence Systems Page 7
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The advantage of the use of these projects is that they

encompassed a list of similar devices, but ranged in time

from Space Telescope, which is near completion, to future

projects which have yet to be designed. The future projects

were conceptual enough to allow the introduction of

teleoperation-specific design features, which would compare

directly with the EVA-optimized interfaces of the space

telescope.

In reviewing the candidate missions, with particular emphasis

on Space Telescope, the study identified a list of necessary

tasks for an initial satellite servicing system. These tasks

consisted of the following:

- Operate mechanical connection

- Operate electrical connection

- Operate latching device

- Grasp object

- Position object

- Operate cutting device

- Operate welding device

- Grapple docking fixture or handhold

- Observe spacecraft/component

The tasks in this list are necessary for NASA to achieve its

initial satellite servicing goals, but do not represent a

Telepresence Systems
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comprehensive list of the potential capabilities of a

telepresence satellite servicer.

Of particular interest is one of the conclusions of the

study: the initial goal of an operational space teleoperation

system is that the system be capable of the same tasks as

current EVA technology. There are several reasons for this

conclusion. Current EVA design technology is somewhat

conservative in allowing for limited dexterity, mobility, and

strength of the EVA subject. These limitations would

naturally benefit the design of a telepresence system

manipulator and end effector. EVA design methodology is

generally well developed, and satellite designers will not be

impacted if the presence of a teleoperator system does not

require modification of existing design guidelines. Finally,

equivalent capabilities of EVA and teleoperation imply that

the remote servicer system will have a ready-made market

among satellites and vehicles designed for EVA servicing, and

that the presence of two complementary servicing techniques

will improve the ability for the community to rely on at

least one technique being available when necessary.

Based on the development of annotated lists of tasks to be

performed in satellite servicing, the study then outlined the

Telepresence Systems Page 9



requirements for an initial teleoperation system capable of

performing those tasks. The elements of that system include:

stereo-optic vision system, preferably color, with

motion slaved to the operator's bead position - this

technology currently exists in a few research

laboratories. Somewhat limited test results indicate

that this is the most natural control mode for a

human operator, as well as reducing the dependence

on the hands for control actuation.

Head-mounted visual displays syste_m - a natural and

neccessary complement to the system above, this

would allow the operator to use the video souce,

mounted on a pan and tilt unit, in a manner similar

to natural head motions for visual surveying of the

local area. This technology is becoming more common

in research cockpit simulators.

Two 7 deqree-of-$reedom manipulator arms w_th force

control - This technology is available in a few

production robot manipulators today, as well as in a

couple of spaceflight-technology prototypes

currently in existence. Such arms, particularly if

Telepresence Systems Page i0



anthropomorphic in design, will allow highly natural

worksite manipulation in a master-slave mode. Force

control allows better master-slave control for

working on tasks with constrained motion, or for

performing tasks where some effort is necessary for

actuation.

Two q[aDDlinq arms or one dockinq device - It is

generally a prohibitive use of propellent to react

against the attitude-hold mode of the teleoperator

mobility base. Instead, it is true of both

teleoperators and EVA crew that the optimum work

arrangement is where one or more appendages can

provide reaction torque against the work site while

the primary manipulator(s) perform the necessary

tasks. Greater flexibility is gained by having two

general-purpose limited-dexterity arms used for

grappling available structure in the vicinity, such

as EVA hand-rails. Alternatively, attitude torques

may be taken out by a specially designed arm with a

docking adapter, mating to a specific fixture on the

satellite. While this is generally more efficient in

terms of mass and torques, it requires a dedicated

docking fixture on the spacecraft at each

Telepresence Systems
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teleoperator work site, and therefore is not as

useful as the general-purpose grappling arm

approach.

Interchanae_ble or anthropomorphic end effectors -

There is a dichotomy of opinions relating to end

effector design. It is clear that a variety of

actions are required of a telePresence system,

similar to those required of an EVA crewperson. One

approach is to have interchangeable end effectors,

each of which is designed around one of the required

tasks. For instance, the end effector could be a

powered socket driver for removing bolts, a

specialized grabber for removing a module, etc. The

contrasting opinion is that, for maximum carry-over

of natural control functions, an anthropmorphic

dexterous end effector (in short, a robotic hand)

would maximize both operator productivity and

manipulator dexterity. An operational robotic hand

is as yet beyond the state-of-the-art;

interchangeable end effector manipulators exist, but

have primarily been used in production robotics

tasks, and little information exists on human

operator adaptation to use of such devices in

k_J
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master-slave control. More research is clearly

indicated, and again the optimal solution may well

be a mixture of both end effector stategies.

Force-indicatinu hand controllers or exoskeletal

master arms for man_Dulator control - Teleoperated

control of manlpulator arms has primarily been

concentrated in the nuclear industry for handling

radioisotopes. Research experience indicates that

master-slave manipulation through exoskeletal master

arms is a highly productive control mode, although

the nuclear industry in the past has used

force-reflecting hand controllers almost

exclusively. Either technology has been demonstrated

workable, although problems yet remain, especially

those induced by communications time lag. In fact,

some research has indicated that force reflection is

contraindicated for significant (greater than .5

second) delays.

V

The overall conclusion of the study is that an operational

space teleoperator, with some elements of telepresence

technology, is within the current state-of-the-art as

demonstrated by current laboratory hardware. A conceptual

Telepresence Systems Page 13
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diagram of such a device is shown in Figure 1. With

requirements for space-rating and integration (as no

laboratory has all the necessary elements for the complete

system), such a teleoperator servicer with equivalent

capability to current EVA could be _va±lable only in the 1992

time frame or later. Those interested in the details of the

analysis and the conclusions of the study are referred to the

three-volume final report (NASA CR-3734, CR-3735, and

CR-3736) .

NEUTRAL BUOYANCY VERIFICATION

Beam Assembly Teleoperato_

In order to examine the role of teleoperation in space

station external operations, the MIT Space Systems Lab has

developed a teleoperator system, initially configured for use

in structural assembly. This consists of a free-flying

neutrally buoyant Beam Assembly Teleoperator (BAT) with two

manipulators, and a modular Integrated Control Station (ICS).

This system was used in hardware development and check-out

tests, concentrating mostly on free-flying operations,

grasping, and joint assembly. Future tests will involve

complete teleoperated assembly.

k_w
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Teleoperation is defined as the use of manipulators and

related systems, under the direction of an operator not at

the work site, to effect the primary task, such as assembly

or satellite servicing. Since a data base of neutral buoyancy

simulation of EVA structural assembly had already been

compiled by the Space systems Laboratory, it was decided that

the teleoperation system to be developed would be capable of

operating in neutral buoyancy, and of assembling the exact

same structures used in the EVA tests. Neutral buoyancy

allowed the use of unlimited six degrees of freedom, as

compared to restricted attitude limits of an air-bearing or

motion base simulation. In addition, it allowed the use of

arms of sufficient strength and small enough size to perform

useful work on reasonable hardware, thus coming closer to the

proportions of a realistic space teleoperator.

The basic design of BAT is illustrated in Figure 2. As can be

seen, this system is based on a free-flying mobility unit,

which uses eight electrical ducted fans to provide all six

degrees of freedom underwater. The mobility unit is equipped

with one dexterous arm, capable of five.degrees of freedom

and grasping. This dexterous arm is mounted in the right-arm

position, to better accomodate the majority of test subjects.

The left arm is a specialized end effector, designed to grasp

k_J
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the 4" diameter cylindrical beam, and, b_means of a small

drive wheel in the end effector, to move the beam across the

body of the BAT along the beam's longitudinal axis. One video

camera system is mounted on a pan and tilt unit on the

mobility frame, in an anthropocentric head position. A second

video camera, later added to the right arm above the

shoulder, tracks the end effector. The BAT frame is intended

to support some modular interchange of specialized left arms,

thus not limiting the teleoperator to the M.I.T. structure

only.

The BAT operates from onboard battery power supplies. The

main battery box contains the battery power for the arm

actuators and the thrusters. The power modules are pulse

width modulation amplifiers which drive the manipulator arm's

shoulder, elbow, and wrist motors, as well as the camera tilt

and pan motors, and the left arm drive.

With the development of the BAT, an equal requirement existed

to develop a control station to be used for controlling the

BAT in neutral buoyancy activities. To provide mobility, the

control station was constructed on top of a 3' by 6' platform

truck. Baseline controls for the BAT consist of the

following: a master arm on the rear of the control station,

kj
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which is kinematically similar to the dexterous arm on the

BAT and used to control it in a master-slave arrangement; a

helmet with exterior gimbals to monitor head orientation of

the operator, and used to slave video camera position to the

operator's head position; and two 3 DOF sticks for rate

control of the six mobillty unit degrees of freedom. Backup

switch controls are mounted in the rack panels, as well as

six video screens used to monitor the BAT camera outputs,

computer graphics displays, and views from the cameras

mounted in the shuttle orbiter payload bay mockup at NASA

MSFC. This system, shown in Figure 3, is the Integrated

Control Station (ICS) as used with BAT.

As an experimental control station, maximum flexibility was

desired. Therefore, all controls were interfaced through an

IBM Personal Computer, which served as input processor and

top-level control system for the BAT. The entire control

station is thus software reconfigurable. The subject may

elect to use the head controller with either a rack-mounted

video monitor, or a i" color CRT mounted on the helmet to

provide monocular feedback.

V

The BAT control system uses a dynamic model of the

teleoperator to compensate for the dynamic coupling of the

Telepresence Systems Page 19
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free-flying frame and the manipulators. Four different

control laws were implemented for each actuator and
?

evaluated. The control system is entirely digital and based

on three layers of microprocessors in a hierarchical

structure. In the lowest layer are Joint controllers which

maintain closed-loop control of the actuators on the BAT. The

middle layer is an intelligent communications buffer. The top

layer is a central controller which determines trajectories

and transforms between coordinate systems. The power-handling

elements of the control system are located on the

teleoperator to minimize power transmission losses.

Following systems development testing, the Beam Assembly

Teleoperator was tested operationally at the NASA MSFC

Neutral Buoyancy Simulator. The views available to the

operator in the ICS were the on-board camera of the BAT, a

video camera corresponding to the orbital Alpha camera (port

side forward bulkhead), and a camera mounted near the surface

of the water to starboard of the cargo bay mockup, and

looking down on it. These views were continuously shown in

the four-inch monitors of the ICS, and could be switched by

the operator onto a nine-inch monitor and onto the ICS

video-tape system. The video tape thus represents to some

Telepresence Systems
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extent the real-time decision of the operator as to the most

favorable view for use in operating BAT in the free-flight

tests.

In the MSFC tests, the primary controllers were the two 3 DOF

sticks of the ICS. During this test, the sticks could provide

input for either the thrusters or the manipulators. The

system not currently being driven by the sticks was

controlled through single-axis potentiometers. Flight test

evaluations showed that the single-axis potentiometers were

inadequate for controlling any function, other than simple

single-axis maneuvers. The sticks worked very well for input

of maneuvering commands, in the traditional form of right

hand controlling attitude, and the left hand controlling

translation.

In the current configuration, the test subject can control

the dexterous right arm through the use of the master arm,

which allows natural control of the anthropomorphic dexterous

arm of BAT. Further effort is needed to integrate a 6 DOF

stick for the control of the motion frame, thus reducing the

activities which require the operator to remove their arm

from the BAT master arm.

k_J
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During early free-flight maneuvering tests of the BAT,

attitude control authority was found to be brisk, and in fact

lead to some pilot-induced oscillations during early

learning. This was aggravated by the sensitivity of the

mobility frame in all attitude axes, especially ro11. In

order to reduce this problem and decrease the learning time

required for BAT operators, a rate gyro package was procured

and will be added to the BAT, in order to provide

attitude-hold capability.

z

V

Structural Joint assembly and additional maneuvering tests

have also been performed. Significant operator learning was

observed in both maneuvering and manipulation tasks. The

presence of two video cameras proved essential to the Joint

assembly task, as neither camera alone provided sufficient

depth cues. Results from the learning studies, where the

teleoperator task was the repeated assembly of the MIT

locking sleeve structural connector, are shown in Figure 4.

Through the Beam Assembly Teleoperator, the neutral buoyancy

environment has been demonstrated as a viable simulation

medium for testing concepts of control and dynamics of a

space-type teleoperator system. By using a design

philosophy which emphasizes modularity and reconfiguration,
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the MIT Spac e Systems Laboratory has developed a useful test

bed for concepts of space teleoperation. The BAT will be

tested further performing full-scale structural assembly in

neutral buoyancy at the NASA Marshall Space Flight Center

during the summer of 1985.

Multimode Proximity Ope_a_ions Device

While structural assembly is a good test case for many of the

manipulative operations around a space station, another

critical category is the manipulation of large masses. This

will be essential for such operations as payload transfer,

assembly of high-energy upper stage vehicles, and indeed for

assembly of the station itself. To test these operations, the

Space Systems Lab developed a neutral buoyancy version of a

generic system that might be used in the vicinity of the

space station. The Multimcde Proximity Operations Device

(MPOD), shown in Figure 5, is designed to perform tasks such

as capture and berthing of large masses, and is similar in

overall concept to the proposed Orbital Maneuvering Vehicle

(OMV), which will perform tasks of this type in close

proximity to the space shuttle or space station. The MPOD

unit is designed to be used either manned or unmanned: this

feature is used to compare manned proximity operations

performance (where both visual and kinesthetic cues could be

Telepresence Systems Page 25
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used) to teleoperated activities from the space _huttle aft

flight deck mockup (with visual cues, but no kinesthetic

ones) or from a remote control station (no kinesthetic or

direct visual cues). The tasks performed consist of free

flight in the close vicinity of the space shuttle payload

bay, docking the OMV to a free-flying module (equivalent

flight mass of 2100 kg), maneuvering it into position, and

berthing it into a restraint fixture in the space shuttle

cargo bay mockupo

V

The MPOD is an enclosed vehicle, with sufficient interior

room for a single-person control cockpit. Twelve electric

motors, driving ducted and screened propellors, provide six

degrees of freedom underwater. The roughly spherical shape

produces uniform drag characteristics and simplifies control

system development.

V

Of primary interest in the development of the MPOD was the

relative roles of human and machines in space proximity

operations. For this reason, MPOD may be controlled either

onboard or remotel_. The onboard cockpit is of the "wet"

variety, with the operator breathing from standard scuba gear

while conducting MPOD test operations. For teleoperated

activities, a video system can be mounted in the cockpit, add

Telepresence Systems



the vehicle operated remotely with commands transmitted over

a serial data link.

k.j

MPOD can be fitted with "mission kits" to examine

applications to different research areas. In its current

configuration, MPOD is fitted with an external docking probe

used to grapple and maneuver large masses, and to berth them

to pallets on the space station or shuttle orbiter. Another

potential research area would be to fit MPOD with a pair of

dexterous end effectors, which would also be capable of

either direct or teleoperated control. Such a vehicle might

be used for operations at an extended distance from a space

staion, such as satellite servicing. The potentials

illustrate that MPOD is intended to be a general-purpose tool

for neutral buoyancy investigations of a wide variety of

coming space operational requirements.

SUMMARY

At the end of five years of research, results from the Space

Systems Laboratory teleoperator research has shown that

telecperation and telepresence technology will be a viable

and desirable operating mode for such tasks as satellite

Telepresence Systems Page 28
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servicing, structural assembly, and module manipulation. The

technology to accomplish this is either already in hand or

under research. Of particular note is the list on Page 8 of

this report, detailing nine required operations of an initial

space teleoperations system. This list was compiled in June

of 1983; it is particularly striking to note that by January,

1985, six of those nine required tasks have been repeatedly

demonstrated by the Beam Assembly Teleopeator in neutral

buoyancy. These technologies will be critical for space

station assembly and operations, and further research will

allow meaningful allocations of humans and machines for

operations in the era of the space station.
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REVIEW OF LASER AND RF SYSTEMS

Kumar Kri shen

Harry O. Erwin

Tracking and Communications Division

johnson Space Center

Houston, Texas 77058

ABSTRACT

This paper presents a review of the ranging and tracking

systems/techniques used in the past NASA programs. A review of the

anticipated requirements for future rendezvous and docking operations

is also presented as rationale for further development of the

technology in this area. The first American rendezvous in space was

between Gemini VI-A and Gemini VII and took place on December 15, 1965.

The Gemini vehicles were equipped with a noncoherent pulse radar. The

target vehicle carried a transponder to assist the radar in target

acquisition. Angle tracking was accomplished by the phase-comparison

monopulse technique. In the Gemini, Apollo, and Skylab programs, the

rendezvous and/or docking were manual operations supported by radar

measurements and visual observations. The Shuttle rendezvous radar is

a Ku-band, pulse-Doppler radar which doubles as a communications

transceiver. This radar is not accurate enough to support close-in

stationkeeping or docking. An automatic soft-docking capability has

been established as a requirement for future space operations.

Millimeter wave and laser radar systems have shown promise in

satisfying the needed accuracy requirements and size constraints (for

space applications) compared to the microwave systems for proximity

attitude, position, and velocity measurements, A review of these

systems and their capabilities is presented in this paper, Rather than ;

developing a separate sensor to satisfy the requirements of each new

spacecraft, a hybrid design is proposed for a versatile system which

can satisfy the needs for different spacecrafts and missions.
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TYPICAL LASER DOCKING SYSTEM LABORATORY TEST RESULTS

Coverage

Maximum range
Cone angle, radius

300
20

meters

degrees

Accuracy

Angle
Range

Veloclty
Attitude

0.1
0.5

1.0

0.5

degree

_entlmeter
cm/sec
degree

Angle output data

Maximum
Resolution
Word size

Rate, maximum

Rate, minimum
Rate, word size

20.0
0.0!

12

5.0
0.05
8

degrees
degree
bits

degrees/sec
degrees/sec
bits

Range output data

Maximum

Minimum

Rate, maximum
Rate, minimum

Rate, word size

300

0.002
10

0.001
15

meters
meters

meters/sec

meter/sec
blts

Scan

Horizontal
Vertical

500
500

elements
ltnes

Receiver

Lens diameter
Minimum stgnal

0.07
S.O

meter
nanowatts
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HIGHLY STABLE Nd:YAG LASER TECHNOLOGY

FOR RANGE AND RANGE RATE MEASUREMENTS

Robert L. Byer

INTRODUCTION

In his classic text "Introduction to Radar Systems "l ,

MoI. Skolnik describes the subject matter of engineering as

components, techniques and systems. Components are the building

blocks, that with proper technique, yield a system.

In this paper I describe recent progress toward the

development of solid state lasers and components that with the

techniques of Radar, so eloguently described by Skolnik, will

yield a coherent Radar system at 1 micrometer wavelength or at a

frequency of 300 THz or 3 x 1014 Hz.

The work has been motivated by the recognition that coherent

Radar at 1 _m may offer system measurement advantages compared

to i0 _m based Radar for remote sensing of wind° 2 Further, an

all solid state transmitter based on laser diode pumped solid

state lasers such as Nd:YAG are potentially long lived, compact,

efficient sources of coherent radiation that are also compatible

with the system constraints of a free-flying, 800 km altitude,

orbiting satellite that is required for global wind field

3
measurements.

k_J
- i -



SOLID STATE LASER COMPONENTS

The components required for the construction of a coherent

Radar system at 1 micrometer wavelength include a frequency

stable, narrow bandwidth oscillator, an isolator, a high gain

pre-amplifier and power amplifier, beam splitters, optical beam

routing methlds and a detector.

At the outset of our program the most critical components

that at that time had not been demonstrated, were the narrow

bandwidth coherent oscillator and the high gain amplifier.

Beam routing technology based on single mode, polarization

preserving optical fiber was also under development and not

yet available.

Our first goal was to demonstrate that Nd:YAG oscillator

technology was adequate for wind measurements. The requirement

for wind speed measurements is Im/sec or 1 MHz Doppler shift

at 1 _m wavelength.

We set out to demonstrate a coherent Nd:YAG oscillator

with less than 1MHz linewidth for a 5 msec time interval which

is the round trip time of optical propagation from an 800 km

orbiting satellite. Our efforts yielded a iO0 kHz linewidth,

f!ashlamp pumped, feedback controlled Nd:YAG oscillator system.

The results were published in 19824 and gave encouragement to

the prospect that Nd:YAG technology could form the basis for

coherent Radar at 1 _m wavelength.

During the development of the flashlamp pumped, water

cooled, Nd:YAG oscillator, it occurred to us that the design

was overly complex for a low power local oscillator. Proqress

- 2 -
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in laser diodes led us to investigate the feasibility of

pumping small Nd:YAG oscillators with diode lasers.

Early results showed 1 MHz linewidths for dye laser

pumped, 5 mm long monolithic Nd:YAG oscillators. The amplitude

fluctuations inherent in the cw dye laser source led to

frequency fluctuations in the Nd:YAG oscillator that were well

in excess of the predicted Shawlow/Townes linewidth of near

1 Hz per milliwatt of laser output power.

Efforts to laser diode pump the monolithic Nd:YAG oscillator

crystal were finally successful in 1984. Initial results led to

improvements in the optical system for imaging the laser diode

pump radiation into the TEMoo mode volume of the Nd:YAG crystal.

The use of single mode diode lasers and a self-foc lens for

imaging proved to be both simple and effective. Nd:YAG oscillator

thresholds as low as 1 mW were achieved° Slope efficiencies of

25% were demonstrated.

The key improvement was a reduction in laser linewidth to

less than i0 kHz.5 The linewidth reduction was a result of the

power stability of the laser diode pump source and the monolithic

design of the Nd:YAG oscillator.

In these early experiments the laser linewidth was measured

by mixing the output in a photodector of two independent Nd:YAG

oscillators set on a table in an open laboratory environment.

In the future, isolation from acoustic noise, optical feedback,

and temperature drifts should lead to oscillator linewidths that

approach the Shawlow/Townes limit. An improved experiment is now

in progress to measure the oscillator linewidth and frequency

stability.



The short 5 mm Nd:YAG rod oscillators have a 16.5 GHz

axial mode spacing and yield up to 2 mW of single axial mode

output before oscillating in a second axial mode. The temperature

tuning rate of the oscillator is 3.1 GHz/ °C. Oscillators as

short as 2 mm corresponding to a 41.25 GHz axial mode spacing

have been operated. Other materials such as Nd:YLF, Nd:GGG and

Nd:Glass may provide better temperature stability than Nd:YAG.

However, Nd:YAG is readily available in high optical quality

crystals. It has a high gain cross-section that is useful for

amplifier design. Nd:YAG also has a 300 GHz gain bandwidth

that provides more than adequate tuning range for offset velocity

measurements or for FM modulation bandwidth for cw-FM Radar.

In recent experiments a LiNbO 3 crystal has been inserted

into the Nd:YAG resonator. The electro-optic crystal can be used

for harmonic generation or for direct FM modulation Of the laser

frequency through the electro-optic effect.

A coherent FM Radar system also needs a power oscillator

to feed the amplifier stages. A unique out-of-plane ring

oscillator was invented6to solve the problem of providing high

power single axial mode output required of a power amplifier.

The most critical component of a 1 um coherent Radar

system that remained to be demonstrated was a high gain pre-

amplifier. Previous approaches to laser amplification had led "

to a series of amplifier states with each stage isolated from

others to prevent self-oscillation. The linear series of

independent amplifiers was both complex and inefficient.

- 4 -
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One elegant solution to the problem was to use the angular

multi-plexing properties of the slab geometry configuration

laser medium. 7" A Nd:YAG slab geometry amplifier was designed

and tested. Flashlamp pumping at 20 J input energy yielded

23 dB of small signal gain per pass. The expected overall pre-

amplifier gain is 60 dB for three passes including losses from

beam steering elements. Thus a i0 mW power oscillator can be

amplified to the i0 kW power level in a selected 3 usec pulse

duration for 30 mJ of pulse energy. Power amplification in

saturated amplifier states could then be used to boost the energy

to the level required for coherent radar measurements over an

extended range.

The remaining coherent Radar system components have been

deyeloped by the rapidly advancing technologies outside of our

laboratory. For example, fiber couplers, Faraday isolators,

single mode fibers and wide bandwidth detectors are now available.

The Stanford Coherent LIDAR System

Figure 1 shows a schematic of the 1.06 um Stanford coherent

LIDAR system that is now being assembled. The components

described above are combined using fiber optical techniques to

form a pulsed FM coherent Radar system. The system has all of

the components of the classical cw FM Radar systems designed for

the microwave wavelength region. The principal difference is

the size of the components and the spatial resolution per

velocity resolution of the measurement. Both systems size and

- 5 -



the spatial resolution scale with wavelength. ThuS the

system shown schematically in Fig. 1 is a very compact FM

coherent Radar system at one micrometer wavelength.

The system is expected to yield wind measurements in

1 km depth resolved increments to an altitude of 20 km for

a transmitted power of iO kW in 3 usec long pulses. For

these measurements the backscatter coefficient is expected

to approach the molecular value of 3 x 10 -8 m -I. Wind

measurements from an 800 km orbiting platform with a 1 meter

diameter receiving aperture require 3 J of transmitted energy

for a signal-to-noise of unity°

_ONCLUSION

For Radar measurements from hard targets the range can be

resolved by providing short transmitted pulses or by FM chirp

moldulation of the laser source. The range resolution in either

case is ultimately limited by the bandwidth of the laser medium.

For Nd:YAG the 300 GHz bandwidth corresponds to a pulse width

of 3 psec or to a range resolution of 0.45 mm. This range

resolution in combination with the diffraction limited pointing

accuracy of a 1 micrometer wavelength yields very accurate

target locating Capability compared to longer wavelength systems.

Finally, if future Nd:YAG oscillators achieve frequency

stabilities of less than 1 kHz, then target vibrometry becomes

a practical aspect of the measurement° Prospects for achieving

linewidths near the shot noise limit appear good in the near

future.

%J

%.J
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__c'_ STANFORD COHERENT LIDAR AT 1.06Fm

i ISOLA fOR '

/
T _ SIGNAL I

• _OETECTOR I

I OETECTO_I /
" I ,.w I /

' I REFERENCEI-./ ,,=• . I L,sE, 1

16- INCH E

TELESCOPE

Figure 1. The coherent LIDAR anemometer is shown schematically.
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The extension of coherent Radar to higher frequencies

has been a continuing trend in Radar technology for the past

forty years. The recent progress in Nd:YAG based coherent

sources is but one more step in the effort to improve the

resolution of Radar by extending the techniques of Radar into

the optical frequency range.
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A PROSPECTUS OF SEMICONDUCTOR AND
ADVANCED SOLID STATE LASER TECHNOLOGY

FOR TRACKING/RENDEZV-OUSAND PROXIMITY OPERATIONS

Peter F. Moulton and Richard O. Wangler
Schwartz Electro-Optics, Inc., Orlando, FL 32810

This talk w111 review the latest In the technology of solid state and seml-

conductor lasers appropriate to the NASA interest In spacecraft tracking/

rendezvous and proximity operations. The emphasis will be on devices, not com-

plete systems, with the hope that systems engineers will benefit from an under-

standing of the newest In device capabllitles. Semiconductor lasers are in-

cluded for two reasons. First, they may be used in arrays as optlcal pumping

sources for the solid state laser, a11owing construction of the highly reliable,

Iow-power-consumptlon lasers needed in a space environment. Second, the semi-

conductor lasers may themselves be useful in proximity operations since even

single diode lasers would have enough output to do accurate ranging at close

" distances.

The use of solid state lasers, particularly the 1.06-_m wavelength system

Nd:YAG, for ranging appllcat|ons Is well established. Typically the lasers are

pumped by gas-dlscharge flashlamps and Q-switched to generate short pulses

around 10-20 ns in duration, at repetition rates of up to 100 Hz. Outputs from

a slngle oscillator range up to 200 mJ, and amplifiers can be used to increase

the output energy to around I J. Nearly diffraction-limited output-beam quality

can be obtained if the oscillator uses unstable-resonator optics. Through use

of mode-locklng or cavity-dumping techniques the Nd laser can produce shorter

pulses, in the range 20 ps-1 ns for more accurate ranging data and, by cw pump-

ing and modelocking high pulse rates of - 100 MHz can be produced where rapid

updating of short ranges Is required.

*This work was supported by the Department of the Air Force.
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Two developments are of importance in future Nd laser technology. One in-

volves the use of Cr3+ ions added to the laser crystal, A series of measure-

ments performed by a group at the Lebedev Institute on various host crystals for

the Nd3+ ion indicated that Cr3+-sensttized Gd3Sc2Ga3012 (GSGG) is

several times more efficient under flashlamp-pumped conditions than the more

common host, YAG. However, the data showed a slope (differentia] power) effi-

ciency for the Nd:Cr:GSGG laser of 2,5%, which can be achieved by a well-

designed Nd:YAG laser. To determine if high absolute efficlenctes can be

obtained from lasers using the sensitized garnet crystal, several experiments

were carried out at Lincoln Laboratory employing a 5-mm diameter by 75-mm long

laser rod in an efficient optical pumping cavity. The doping level was approxi-

mately 1% for both the Nd3+ and Cr3+ ions. The pump source, a 400-Torr

xenon flashlamp with a 4-mm bore and 6.25-inch arc length was driven by a reso-

na tly charged LC discharge circuit with a 55-_F capacitance and 82-pH induct-

ance. The water-cooled pump cavity was constructed of a samarium-doped glass

tube with a diffuse reflector coated on the outer surface of the tube,

Slide 1 presents the input-output energy curves for the system running at a

repetition rate of 20 Hz for two different flashlamp-wall materials, The laser

cavity for these results consisted of two flat mirrors spaced 33 cm apart with

an output Coupling of 50%; the threshold was 2.6 Jo When the output coupling

was reduced to 20%, the threshold dropped to - 1,2 J, indicating that the

crystal losses were relatively low.

repetition rate is shown in Slide 2.

the limited recharging rate of the

The laser performance as a function of

The rolloff at the highest rate is due to

power supply. Up to 45 W of average power

at a 50 Hz rate was observed at - 20 J/pulse input energy. Higher outputs

could not be obtained because of the limited thermal rating of the pump cavity.
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The slope and overall efficiencles of a standard Nd:YAG laser rod in the

same pump cavity and with the same pump lamp are 2.5 and 2%, respectively.

Thus, the Nd:Cr:GSGG laser, with slope and overall efficiencies of 5.5 and 5%,

respectively, was significantly more efficient than YAG when both lasers

operated under more optimal conditions than previously reported. Adjustments

to the pump-lamp parameters and the rod doping levels may yield even higher

efficiencies from the Nd:Cr:GSGG laser.

The other major development in Nd laser technology involves the use of

semiconductor lasers as pumping sources. This concept is not new, and was first

demonstrated nearly 15 years ago. Recent advances in the technology of semi-

conductor lasers, specifically the use of quantum-well structures produced by

MOCVD systems, have significantly improved the performance of both single-

junction lasers and of linear arrays of lasers. The following is based on a

paper presented by D. R. Scifres et al. at the CLEO '83 Conference. Slide 3

shows the structure of a 40-emitter array, multiple-quantum well GaAIAs laser.

Operation was such that the individual emitters were phase-locked to each other.

Slide 4 shows the total power output from one side of the array as a function of

total drive current, indicating that 2.5 W of cw output was obtained. For pump-

ing of the Nd laser to reasonableenergy output levels arrays will have to be

extended to considerably more emitters, and techniques for stacking the linear

arrays to form a two-dimensional source will be required. It will also be

necessary to set the semiconductor laser wavelength resonant with the absorption

bands of the Nd ion. Slide 5 shows the transmission spectrum of a 6-mm-thick

sample of Nd:YAG, indicating the presence of numerous absorption lines between

730 and 830 nm suitable for diode pumping. Also shown in the slide is the

emission spectrum of a more common pump source for Nd:YAG, the krypton arc lamp.

= . ,k . .
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At close ranges0 with "closeness" determined by whether

the vehicle to be docked has retroreflectors or not, single diode

lasers can be used for obtaining range information. When the

range measurement is made against a "cooperative" target, that is

where the target has a retroreflector, then the diode laser is

extremely well suited for range measurements. The use of a

retroreflector, changes the return energy from being proportional

1 to being propor-
to the product of target reflectivity and R-_

tional to 1. The diode laser ranging system has the advantag-

4R 2

es of being small, simple, inexpensive, reliable, lightweight and

highly efficient, requires no high voltages and has long life-

times.

Laser ranging is usually done on a time-of-flight basis

(as with other radar systems), which implies that the speed of

light is used to measure the distance between source/detector and

the target. This would imply that if one wanted to have 1 cm

range resolution then the time resolution would be required to be

approximately 67 x 10 -12 sec. The time-of-flight rangers are

generally divided into two categories, pulse and CW systems.

Both type of systems can easily yield better than 1 cm accuracy.

A pulse laser ranger was reported by I. Kaisto to have a range

resolution of + 1 mm. The CW laser ranger is widely used in

surveying instruments which have absolute accuracy and resolution

of a few mm's and measure ranges out to several kilometers. It
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is generally thought that the CWsystem will yield the best range

resolution and accuracy. Surveying instruments use a technique

called "time expansion". This is where the return signal is

heterodyned with a signal which is slightly offset and phased-

locked to the transmitted signal. The net result is that the

phase angle which contains the range data is preserved through

the heterodyning process and can be measured on the low offset

frequency. This technique has now been used for years and can

yield time resolution of I0-12 seconds. The examples cited above

both used device technology developed more than a decade ago)

Recently, techniques have been developed for very-high-

speed modulation of semiconductor lasers. A recently published

paper by D. Z. Tsang et al from Lincoln Laboratory discussed the

modulation of laser output up to a frequency of 10.5 GHz, accomp-

lished by an intracavity electroabsorption modulator; Slide 6

diagrams the structure of the modulated laser.

-gO
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Long Lifetime Stable CO2 Lasers for Lidar and

Comparison with Nd:YAO Lidar

R. Vo Hess, D. R. Schryer, B. D. Sidney, I. M. Miller, C. M. Wood*
B. T. Upchurch**D K. G. Brown *w*

Summary/Conclusions/Recommendations

Development of long life CO2 and Nd:YAG lasers over a wide pulse

energy range for rendezvous and proximity operation benefits from ongoing

programs in satellite based lidar remote sensing for wind velocities
aerosols/trace species and geophysical precision ranging. These programs

use up to I0 Joule/pulse Iuers as prime source, howeverD low energy pulsed
and low power CW lasers are used for heterodyne detection and for control
of bandwidth and freqency stability. P_Ised closed cycle 0.67 Joule/pulseD

I0 p.p.s. (6.7W average power) CO2 laser operation with externally heated
Pt/SnO 2 catalysts has been demonstrated at 95% steady state power; and low

pulse energies " 0.03 Joule/pulse up to I00 p.p.s, lasers have operated for
710 pulses without deterioration of laser medium heated Pt/Sn02 catalyst.
Lifetimes of I0 hours for sealed RF excited 2 to 3 watts CO2 lasers have
been demonstrated at = 70Z steady state power. Low CW power/ pulse energy

diode laser pumped Nd:YAG lasers and _O2 lasers for rendezvous an_

proximity operation have great potential for " lOZ efficient " I0 hour
operation. Low power/pulse energy CO2 lasers have demonstrated short and
long term frequency stability/bandwldth for Doppler lidar measurements of
velocities < Icm/sec; diode laser pumped Nd:YAG laser give short term"

stability and have great promise for long term stability. Mode locked
Nd:YAG lasers operate with shorter pulses than CO2 lasers and higher range
lidar accuracies. Nd:YAG lldar is more compact than C02 Iidar but has more

severe eye safety problems. For higher pulse energies for distant
rendezvous/noncooperatlve targets CO2 lidar is presently superior, but
further research is needed in high power diode laser arrays for Nd:YAG

laser pumping.

Low pulse energy/low power CO2 and diode laser pumped Nd:YAG lasers

are ready to permit inltlat_on in IvY 86 of comparative studies for range

and Doppler lidar in a laboratory test bed, whlch could also incorporate
diode laser lidar. Flight demonstration could be initiated in FY 89. The

progress of high pulse energy CO2 and Nd:YAG lidar development for d_stant
rendezvous is related to progress in lldar for satellite based atmospheric

remote sensing.

*NASA/LaRC **Chemicon Inc. ***Old Dominion University
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Effects of Tethers on Rendezvous and Proximity Operations

Joseph A. Carroll

California Space Institute

SIO/UCSD, La Jolla CA 92093

February 1985

Remote capture (by boom or tether) creates:

Unique Benefits & Unique Problems

Fast approach from afar

RCS plume directed away

Safety (remote capture)

Large propellant savings

Hazardous if inaccurate [_ _ff"_ _ \

Hovering in place is costly

Loads on end masses (_01 gee)

Orbit changes (compensable)

A look at tethered capture of the STS by an SSPE:

• Launch windows for tethered & free-fall docking are similar.

• GPS (in relative position mode) ensures precise approach.

• STS can hover using OMS/RCS (<10 rain.) until captured.

• If capture fails, STS can boost to a free-fall docking.

• Capture probe on ET raises safety & payload volume & mass.

• Rigidization can be safely delayed until dynamics damped.

• ET scavenging possible during retrieval, w/low STS scar mass.

• ET GO2/GH2 can be used for contamination-control purging.

• Later STS-deboost reboosts SSPE above SS orbit for phasing.

• Loaded OMVs at tether tip can deboost ET/orb if tether fails.

• Bottom line: a 50 km tether may raise STS throughput by >50%.
t

t
(= Payload + cryos + OMS savings from capture & deboost.)

/
Some hard questions:

Are scheduled disturbances _ H2 contamination acceptable on a major SSPE?

Is a --400x500 km SSPE orbit acceptable on occasion, when Tex is not high?

Should a tether node be the main SSPE (since STS, OMVs, & OTVs would use it)?

Should NASA seriously consider having such a transport node in the SS Program?

What early tests could best determine whether such a node is feasible?

-!

#

For more info on related tether topics_ see the following (by the author):

Tether-Mediated Rendezvous (3/84, for Martin Marietta, open dist.)
A Scenario for Evolution of Tether Uses on a Space Station (AIAA-84-110-CP, CSI)
Tether Applications in Space Transportation (10/84, IAF 84-438, IAF Cong.)
Some Tether-Related Research Topics (11/84, for JPL & CSI)
Guidebook for Analysis of Tether Applications (to be available from MSFC)
Roles for Tethers on an Evolving Space Station (final report due 4/85, CSI)



27 MARCH 1985

...J SESSION7 - DISPLAYSAND HUMANFACTORS

;I

7-I,

7-2,

7-3,

7-_,

7-5,

7-6,

7-7,

#THE GEOMETRICAL AND SYMBOLIC CONTENT OF A PERSPECTIVE

DISPLAY FOR COMMERCIAL AVIATION: IMPLICATIONS FOR

SPATIAL PROXIMITY OPERATIONS DISPLAYS" - STEPHEN ELLIS

AND MICHAEL MCGREEVEY/NASA ARC

"UsE OF PERSPECTIVE DISPLAYS FOR SITUATIONAL AWARENESS IN

SPACE STATION PROXIMITY OPERATIONS" - MICHAEL MCGREEVEY

AND STEPHEN ELLIS/NASA ARC

ADVANCED R&T BASE CONTROL/DISPLAY TECHNOLOGY WITH

POTENTIAL FOR RENDEZVOUS AND PROXIMITY OPERATIONS" - J,

HATFIELD AND R, PARRISH/NASA LARC: R, MONTOYA/RESEARCH

TRIANGLE INSTITUTE

"SYSTEM ENGINEERING APPROACH TO THE ADVANCED WORK STATION

FOR SPACE STATION" - JOHN HUSSEY/GRUMMAN

APPLICATION OF VOICE INTERACTIVE SYSTEMS FOR THE FUTURE"

- CAROLYN MOORE AND DOUGLAS MOORE/VERAC INC, AND JOHN

RUTH/McDONNELL DOUGLAS ELECTRONICS COMPANY

"THURIS- THE HUMAN ROLE IN SPACE" - S, HALL/NASA MSFC

"STEREO VIDEO AND DISPLAY SYSTEMS" - NICHOLAS SHIELDS/

ESSEX CORPORATI ON



The Geometrical and Symbolic Content
of a

Perspective Display for Commercial Aviation:

Implications for Spatial Proximity Operations Displays

,5'tephm'z R. _;Zl_ ,,_ M_chae! W. McG_'ee'mj

NASA Ames Research Center

MofTett Field. CA 94035

V

Abstr=ct

Proximity operations of co-orbiting spacecraft require careful moni-

toring of spatial separation. Although the parameters of interest are
different for aircraft and spacecraft operation, the spatial judgments re-

quired for proximity operations are similar to those of commercial aircraft
pilots flying near other aircraft. We have developed and tested a perspec-
tive display for commercial aviation which illustrates how the perspective
projection and specific spatial position information may be selected to pro-
vide appropriate spatial separation cues. The approach used to create this
format provides an example of how the metrical symbology of a perspective
display may be designed to facilitate spatial judgments in a specific environ-
ment. The design, for example, reflects the usual difference in the range of
vertical and horizontal aircraft velocities by a differential scaling of the

corresponding axes of the display. Analogous considerations concerning
proximity operations should be made to select appropriate format and sym-

bology.

7

_phen l_
Research Scientist, NASA Ames Research Center, Moffett Field, CA. Assistant

Professor of Physiological Optics, U.C. Berkeley School of Optometry, Berkeley,

CA. A.B. (honors) U.C. Berkeley; MA, Ph.D. Psychology, McGill University, Mont-

real; Member Amer. Psych. Assoc., AAAS, Sigma Xi, Human Factors Society.

Research interests include visual perception, perceptual organization, picture

perception, and visual information seeking, and statisticaltext processing.
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Proxinmty Operations Workshop Geo= aetrical and Symbolic Content

The Geometrical and Symbolic Content

of a

Perspective Display for Commercial Aviation

1. Introduction

The optimal presentation of spatial separation Lnformation to operators of

aircraft or spacecraft is a major consideration ha cockpit design. This optimiza-

tion is important if the designer wishes to allow the operators maximum flexibil-

ity of use while requiring minimum training time. Furthermore, this optimiza-

tion is particularly important in situations where the cost of operation is high,

such as on-orbit use of the Shuttle Remote Manipulator System (RMS) which

might cost as much as $50,000/hour,

Accordingly. displays of spatial information must be designed so that the

required perceptual tasks match the users spatial abUities. We have attempted

to establish this match through the use of a 2D display with perspective to

present airline pilots with their 3D traffic situation. Our definition of a perspec-

tive situation display for this application provides an example of carefuUy

designed spatial display and concretely illustrates two classes of generic issues

associated with the design of such displays: I) those raised by the projective

character of their geometry and 2) those raised by the symbolic content of

displayed objects and text.

2. Perspective Situation Display for Commercial Aircraft

2.1. Purpose of the Display

Perspective displays were defined primarily to provide a commercial airline

pilot with a summary of his air tra_c situation. These displays were intended to
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allow the pilot to monitor his surrounding air trafficto cross-check the safe

operation of the air trafnc control systerru However, the display also served as a

general situation awareness indicator since itincluded navigation information

in addition to air trafEc. In the experiments we have conducted the pilot'sgen-

eral task was to detect violations of standard spacing and select avoidance

maneuvers necessary to achieve iL if either vertical or horizontal separation

was violated. The detailed procedures and results of these experiments may be

found in several published reports.(Palmer, el. gl., 1951; Smith, Ellis,and Lee,

1982; Ellis,and McGreevy, 1953; Ellis,McGreevy, and Hitchcock, 1984; McGreevy

and Ellis,1984) The following outline will focus primarily on the perspective

display format that was used.

2.2. Symbolic Content

The symbolic content of the display is generally the data defining the

graphics objects that are projected on the display screen.

r Realistic wire frame models of allaircraft were used as aircraft symbols such

that the current position of each craft was under the nose of the symbol.

P A grid which provided a general sense of 3-D space was located relative to the

pilot'sownship current altitude and aligned with his aircraft'svelocity vector to

provide a consistent relative horizontal separation metric.

P Future position of allaircraft in 1 minutes was shown by predictor lines pro-

truding from the the aircraft symbols nose.

P Reference lines were dropped onto the grid from the nose of each aircraft

• symbol and from its future position to indicate horizontal separation and to

unobtrusively eliminate the ambiguity of aspect otherwise inherent in perspec-

tive projections.

V
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=," Ownship's current altitude was indicated by 'x's on the reference lines and

I000 ft relative altitude units shown by tics on these lines, ownship relative
I

altitude 'x's and 1000 ft tics

2.3. Projective Geometry

The projective aspects of the display primarily refers to the effects of the

matrix transformations on the objects that are displayed.

=," The perspective projection was defined to allow changes in major parameters

of the projection in such a way that these changes would not cause objects in a

defined space to pass out of the field of view.

r All aircraft size'swere scaled relative to ownship so as to keep ownship a con-

stant size regardless of the parameters of the perspective projection. This rela-

tive scaling insured the visibilityof allaircraft in allprojection conditions.

u,-The vertical scale of the display was adjusted so that regardless of perspec-

tlve parameters used, the ownship symbol would remain a distance in screen

coordinates above the reference grid that was proportional to altitude above

ground level.

m- The adjustment in the vertical axis of the displayed space was made to reflect

the convention that I000 feet of vertical separation provided the same spacing

as 3 naut. mi. horizontal separation. The resulting scaling insured that vertical

separation of less than 1000 feet willbe perceptually distinct from separations

greater than 1000 feet.

P The direction of the principle viewing vector from the geometric eye point

was rotated with respect to the reference grid to provide improved spatial

sense.

3
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3. General Considerations for Perspectke pispkFs

Experiments comparing perspective with matched plan-view displays have

shown that perspective displays can have a major impact on practical decisions

such as how to avoid Conflicting air traffic. Results have shown, for example,

that pilots may make greater use of the vertical dimension for avoidance

maneuvering and make fewer blunders or unnecessary maneuvers (Ellis,

McGreevy, and Hitchcock. 1984). It is,thus. clear that perspective displays can

have practical utilityfor the presentation of spatial information.

The specific design of a perspective display is highly dependent upon the

task for which itis to be used. However, some elements of the display symbol-

ogy are generic to allperspective displays.

For example, one generic aspect of the symbology adopted for the aircraft

situation display is that special aspects of the symbology, such as the altitude

tics and the grid orientation were defined "relative to the pilot'sownship". This

principle is used to allow convenient relative spacing judgments and to minim-

ize problems such as control reversals due to perceptual confusion of display

orientation° Another general aspect of the design of the perspective display

was the careful use of symbolic aids, such as the reference lines on the ends of

the predictors, to remove ambiguities of attitude intrinsic to geometric projec-

tions.

Significantly, both of these design features are not dependent upon the

specific hardware technique used to implement the displays but are intended to

clarify the informational content of the syrnbology that is presented. Con-

siderations like these willbe important for the design of spatial display formats

for the Shuttle and Space Station.

V

v
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THE.SYMBOLIC AND GEOMETRIC CONTENT
OF A

PERSPECTIVE SPATIAL DISPLAY

Stephen R. Ellis and Michael W. McGreevy
NASA Ames Research Center

Moffett Field, CA. 94035

I. Introduction: the cockpit traffic display example

A. Natural presentation of spatial information
B. Classes of variables in perspective displays

1. Symbology
2. Geometry

C. The intended use for cockpit traffic displays

IIo Definition of a perspective cockpit traffic display

A. Symbolic content
B. Projective geometry
C. Developmental sequence of illustrations

III. Implications for rendezvous & proximity operations
displays

A. Pivotal role of intended use

B. General requirements for perspective displays
C. Window on the "synthetic universe"

V

February 20, 1985
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SYMBOLIC CONTENT

- realistic wire frame models
- grid for 3D spatial sense
- reference lines clarifying position & orientation
- ownship relative metrical aids

PROJECTIVE GEOMETRY

- perspective projection keeping objects in view
- separate scaling of object size
- differential vertical/horizontal scaling
- skewed viewing for improved spatial sense

7-9
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Use of Perspective Displays for Situational Awareness

in Space Station Proximity Operations

Michael Wcllace McGreevy *

Stephen R. Ellis

NASA Ames Research Center
Moffett Field, CA 94035

ABSTRACT

Proximity operations around the space station will involve complex and changing ele-
ments and activities that will make it difficult for crewmembers to maintain adequate situa-

tional awareness. This may result in loss of productivity, and increased risk of data loss, dam-

age, or injury. Spatial displays can provide a visual representation of the relationships among
payloads, manipulators, co-orbiters, space station elements, and associated regions of operation,
and thus promote situational awareness. This can reduce mission costs by allowing simultane-
ous, independent activities to proceed without unexpected conflicts.

Spatial displays can be implemented as text, diagrams, maps, perspective views, or virtual
environment& Each has its inherent advantages and disadvantages. To see something 'in per-
spective' is to see it from a particular viewpoint. Perspective is fundamental to direct viewing
and to pictorial spatial displays, including standard video, stereo, holographic, and varifocal
mirror display techniques. Consequently, perspective design issues are fundamental to spatial
display design. It is misleading to call any visual display 'true 3D' because ultimately all
visual information is projected to the eyes and is seen in perspective.

Experimental results indicate that spatial judgements in perspective displays are
influenced by the relative locations of the design eyepoint and the user's eye position, and
differences between the two-dimensional display image and the implied three-dimensional

scene. Other experiments have shown that format design can have a significant effect on task
performance. Thus, display size, position and perspective geometry must be designed together
with task-specific symbology and metric aids to assure optimal information transfer.

Evaluation of the role of situational awareness in proximity operations, and recognition
of the potential costs of inadequate awareness, may encourage the use of spatial situation
display_ The ideal spatial situation display for proximity operations might use perspective for
an integrated view of spatial relationships, supplemented by a text display of exact parame-
ters. This suggests that the initial space station data processing system should include ade-
quate hardware and software for computer graphics.

* Michael Wallace McGreevy
Manned Systems Engineer and Research Scientist, NASA Ames Research Center.
MS, BS with highest honors in Electlcal Engineering and Computer Science, University of Cal-
ifornia, Berkeley. Phi). student in Cognitive Engineering at U.C. Berkeley. Member of Phi
Beta Kappa,.IEEE, ACM, SID, HFS, MENSA. Research interests include human-machine infor-
mation transfer in aerospace systems, spatial displays and cockpit automation.



Use of Perspective Displays for Situational Awareness
in _pace Station Proximity Operations

Michael Wallace McG r eevy
Stephen R. Ellis

NASA Ames Research Center
Moffett Field, CA 94035

r I

Proximity operations around the space station will involve complex and changing
elements and activities that will make it di_cult for erewmembers to maintain ade-
quate situational awareness. This may result in loss of productivity, and increased

risk of data loss, damage, or injury. Spatial displays can provide a visual represen-
tation of the relationships among payloads, manipulators, co-orbiters, space station
elements, and associated regions of operation, and thus promote situational aware-
ness. This can reduce mission costs by allowing simultaneous, independent activities

to proceed without unexpected confiict_ Perspective shouldbe used to display spa-
tial relationships and associated text displays should provide precise paramet,_r
values.

Perspective displays should be used

1) to show all vehicles and their predicted future positions as a function of maneuvers,
orbital mechanics and atmospheric drag;

2) to display protection zones around fragile sensors or other equipment;

3) to indicate active sensor_ manipulators, and payloads, and their associated fields of view
or areas of activity;,

to coordinate the various transfer and service vehicles, maneuvering units and remote
manipulators to avoid accidental plume impingement, collision, or contact with protrud-
ing antennae or solar panels;

for monitoring payload installation, maintenance, and the three-dimensional analog of
airport ground operations;

4)

5)
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Spatial information displays can be implemented as alphanumeric lists of l_arame-
ters, schematic diagrams, planviews or maps, perspective views, or even synthesized
visual environments. The displays that are easiest for designers to implement are
usually the most ditcult for users to integrate and interpret, probably require
excessive training and may induce error. The ideal spatial situation displays should
use perspective for ease of interpretability supplemented by text for precision.
1 ) TEXT

Typical information presented:
coordinates, relative angles, separation distances, rates;

Advantage(s):

exact parameter values displayed;
easy for designer;

Problem(s):

formats often cluttered and confusingly similar;,
difficult for user to integrate spatial information,

especially concerning dynamic multiple objects;
2) SCHEMATIC DIAGRAMS (eg. PW1, TCAS)

Typical information presented:

selected, low resolution, highly encoded relationships;
Advantage(s):

useful for rapid response in one-on-one conflicts with simple solutions;
consistent with low resolution sensor data;

Problem(s):

limited spatial representation capabilities (eg. no objects or trends);,
inadequate for situations that involve dynamic multiple objects;

3) MAPS AND PLAN VIEWS (eg. planview CDTI or in-plane rendezvous maneuver display)
Typical information presented:

planar map with out-of-plane dimension (eg. aircraft altitude) encoded;
object types often encoded;

Advantage(s):

clear communication of in-plane position;
Problem(s):

difficult for user to integrate out-of-plane information,
especially concerning dynamic multiple objects;

4) PERSPECTIVE VIEWS (eg. three-dimensional situation display)
Typical information presented:

a pictorial analog of the space of interest;
Advantage(s):

compatible with natural human spatial abilities,
including visual understanding of spatial configurations;

allows use of intuitive -rather than encoded- symbols;
Problem(s):

projection ambiguities must be resolved;

annotation required to display exact parameter values;
5) ENVIRONMENTS

Typical information presented:

simulated visual world or "visual telepresence";
Advantage(s):

puts the user inside the displayed space;
Problem(s):

computationally intensive;

requires specialized display equipment;

M.J -3-
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To see something 'in perspective' is to see it from a particular viewpoint. Perspec-
tive is fundamental to direct viewing and to pictorial _ spatial displays, including
standard video, stereo, holographic, and varifocal mirror display technique_ Conse-
quently, perspective design issues are fundamental to spatial display design. It is
misleading to call any visual display 'true 3D' because ultimately all visual informa-
tion is projected to the eyes and is seen in perspective°

The common featureof stereo,holographicand varifocalmirror techniquesisthe pre_.n-

rationof multiple perspectives.Much of the same pictorialeffectcan be achieved using sum-

dard computer graphics displaysby tracking the positionof the viewer and correspondingly

alteringthe perspectivegeometry. Whichever of these techniques isused to display spalial
information,perspectivedesignissuesare fundamental.

I)

2)

3)

Stereo consists of two perspective views seen simultaneously, one by each eye Much of
the benefit of stereo can be obtained by monocular motion parallax, that is, multiple per-
spectives over time.

A hologram stores multiple perspectives which are sampled according to eye position. Its
main advantage is to allow multiple simultaneous viewers. The unsampled views and
the associated computation are wasted. Computer-generated holograms are computation-
ally intensive and currently cannot be generated at a rate adequate for situation
displays. A non-holographic computer-generated perspective display can be programn_ed
to display an appropriate perspective for any viewing position, providing a similar effect
more economically.

The varifocal mirror technique involves sweeping out a virtual image, one two-
dimensional slice at a time. This virtual object can be viewed from different positions,
providing different perspectives. Its advantages are similar to those of holography but its
spatial resolution is currently very low.

-4-
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The synthetic nature of computer-generated pictorial spatial displays allows aug-
mentation of viewpoint, perspective, scaling, and symbology which can supplement

or replace out-the-window or video views.

I) A perspective display is better than a window for overall situation awareness because
the synthetic scene may be viewed from an arbitrary point, providing a global view
from the most useful direction.

2) By adjusting the perspective geometry and scaling together, the apparent proximity of
objects and vastness of space can be made appropriate for the task at hand. Viewing from
nearby with a wide angle 'lens' is much like natural vision and makes space seem vast.

Viewing from far away with a telephoto 'lens' can present roughly the same region of
space but present a view where near and far objects are more nearly the same size.

3) Unequal scaling of symbols or dimensions, and color encoding, can be used for selective

emphasis.

4) The overlay of computer generated spatial metrics onto out-the-window scenes or video
views would enrich the otherwise cue-impoverished visual environment. The relative

depths and separations of objects can be made unambiguous by use of metric aids such as
grid planes, separation rulers, and predictors. Metric aids should match the task parame-
ters, as when thousand-foot tic marks are used in an airspace display.

Experimental results indicate that direction judgements in perspective displays are
influenced by the relative locations of the design eyepoint and the user's eye posi-
tion, and differences between the two-dimensional display image and the implied
three-dimensional scene. Other experiments have shown that format design can

have a significant effect on task performance. Thus, display size, position and per-
spective geometry must be designed together with task-specific symbology and
metric aids to assure optimal information transfer. Surprisingly, it may be undesir-
able to put the eye at the design eyepoint (also known as the station point).

The location of a pictorial spatial display in the workstation can affect spatial judgement accu-
racy because the position and size of the screen, and the perspective geometry of the display,
all'combine to influence the image that is ultimately pro'lected to the user's eyes. If the user
were required to be at the station point, the geometry of the displayed space would be
severely restricted by the position and size of the display screen. The visual angle subtended

by a small, instrument-panel-mounted CRT would a require 'telephoto' projection which
could distort the apparent spatial relationships among displayed objects.

Experiments indicate that display users interpret perspective displays as if they were win-
dows, causing a characteristic bias of interpretation. Matching the projections to this expecta-
tion by putting the eye at the station point does not eliminate judgement biases, however,
because users also are influenced by the two-dimensional projection of three-dimensional spa-
tial relations. There is also experimental evidence of a perspective bias in natural visica
which can be cancelled out by a perspective correction. This is equivalent to putting the sta-

tion point off the user's eye p_ition.

-5-
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_MIVEENDATIONS

Proximity operations around the space station will involve complex and changing
elements and activitiesthat will make itdi_cult for crewmembers to maintain ade-

quate situational awareness. This may result in loss of productivity, and increased

risk of data loss,damage, or injury. Spatial displays can provide a visual represen-

tation of the relationships among payloads, manipulators, co-orbiters,space station
elements, and associated regions of operation, and thus promote situational aware-

nes_ This can reduce mission costs by allowing simultaneous, independent activities

to proceed without unexpected conflicts. Perspective should be used to display spa-
tial relationships and associated text displays should provide precise parameter
values.

A document should be written, or accumulated from existing documents, which
specifies in detail all the spatial parameters of interest in proximity operations.

Included s l3ould be:

(a) navigation and control sensor positions, fields of view, resolutions, and update rates
(b) traffic and speed zones
(c) expected paths of vehicles

(d) dimensions of protection zones near sensitive payloads and devices
(e) plume impingement constraints
(f) manipulator reach and clearance

(g) locations to be accessed by MMU
and related information.

Space station computational facilities should be made adequate to meet the hardware
and software requirements of effective spatial displays.

l) High resolution, bit-mapped CRTs should be standard equipment because they are useful

for spatial displays, can be shared with other display software, are easily reconfigurable,
and allow for future workstation upgrades.

2) Computer graphics hardware which can compute homogeneous matrix transformations

rapidly enough to support dynamic symbology should be standard equipment.

3) A dedicated general purpose processor should be provided as a display controller.

4) A video signal mixer should be available for combining video camera images and
computer-generated metric aids.

The role of situational awareness in proximity operations should be further
evaluated. The cost of training and contingency preparation, and the potential for

data loss, damage or injury should be weighed against the cost of increasing situa-
tional awareness and the potential savings due to increased productivity.

¥
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Issues Underlying Display Design

• Human role in automated systems
• "Computers will do it all."
• "Everything is done by the numbers."
• "Humans monitor the computers."
• "Humans are the source of error."

• Human as processor
• Garbage in, garbage out
• Applications notes
-Insight, judgement, flexibility

• Human-machine interaction
• Real costs of non-design
• Digital and analog components

°A °'

• The need for human factors
• Exact but unintegrated information
- The minimum display requirement
• Artists as designers
• Realism vs. real information

• Spatial information transfer

7-23



Situational Awareness in Prox op§ _

• Why bother? ....
• Coordination of parallel operations
• Crew, structure and vehicle safety
• Data integrity
• Efficiency and order
• Productivity

• Dimensions of the problem
• Diversity of payloads and vehicles
• Multipl e degrees of freedom
• Multiple frames of reference
• Potential for disorientation

V
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The Integration Dimension

• Perspective views

• Maps and planviews
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Spatial Information Instruments

• The Integration Dimension
• Text

• SchemaLic diagrams

• Maps and planviews

• Perspective views
• Environments

7

• The Myth of the Truly 3D Display
• Vision is projective.
• Stereo

• Holographic
• Volumetric

• Motion Parallax

• Perspective is fundamental.

• Use of perspective displays
• Integrated view of spatial relationships
• Symbolic and metric aids

• Selective emphasis and scaling

• Arbitrary, multiple views
J -
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Spatial Displays for Prox Ops

• Does format matter?
• Thinking of the world as flat

• Thinking about space
• Perspective geometry

• Modelling situational awareness
• Relative position
• The influence of projection
• Not seeing around corners

• Minimizing sinusoidal error

• Display plaeemenL
V

• Recommendations
• Evaluate situational awareness
• Evaluate the alternative

• IOC: provide graphics support
• Document spatial parameters
• Measure spatial information transfer

%J
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CREW SYSTEMS, ST M&R

V

0

Z

RSU mounting bolt locations.

Figure 4 - RSU electrical wing tab connectors.



V

CREW SYSTEMS, STM&R

A. KEYHOLE BOLT
(TYP.)

B. TORQUE FASTENER

C. ELECTRICAL
CONNECTORS

DOOR

TYPICAL ORU

MOUNTING FRAME

TYPICAL ORU

.ORU
ELECTRICAL CO NNECTO RS

Figure 5 --T_pical ORU (e.g., SI Ce,I)H) door mounting system.
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- CREW SYSTEMS, ST M&R

V

i.

Ir

ITEM

BATI'ERIES

SOLAR ARRAY

FINE GUIDANCE SENSOR

FINE GUIDANCE
ELECTRONICS

DF244COMPUTER

SlC oH

RWA

RATE SENSORUNIT

RATE GYRO ELECTRONICS

FUSE PLUG

WIDE FIELD PLANETARY
CAMERA

FAINT OBJECT CAMERA

HIGH SPEED PHOTOMETER

HIGH RESOLUTION
SPECTROGRAPH

FAINT OBJECT
SPECTROGRAPH

T_ ST
COMPLEMENT

6

Z

3

3

MAINTENANCE MISSION COMPLEMENTS (NOTE I)

OPTION #A, OPTION #B OPTION #,C, OPTION #O

6 6 6 6

0 0 0 2

1 1 UP TO 3 O

1 1 UP TO 3 0

1 ANY ANY ANY _

1 ONE ONE ONE 1

4 2

3 1 1 1 1

3 1 1 1 1

12 12 12 12 12

1 1 0 0 0

1 0

1 0

1 0

0 0

0 0
ANY
ONE 0 0

1 0 __ 0 0

NOTE 1: ORU COMPLEMENTSUSED FOR SIZING THE ORU CARRIER.

TABLE 1 " ORU LIST

 *IOS
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JOHN REAVES - RENDEZVOUS AND PROX OPS WORKSHOP

SUMMARY

PLANNED MAINTENANCE DEVELOPMENT ON THE SPACE TELESCOPE HAS EVOLVED MANY INNOVATIVE

EVA HARDWARE ITEMS AND OPERATIONAL TECHNIQUES. FUTURE WORK REMAINS IN THE AREA OF

DESIGNING AN ORBITAL REPLACEMENT UNIT (ORU) CARRIER THAT IS COMPATIBLE WITH THE

STS, THE ST/FSS, AND THE EVA CREW. THE FOLLOWING CONCLUSIONS/RECOMMENDATIONS

PROVIDE A SOUND BASIS FOR THE CONTINUATION OF THIS DEVELOPMENT EFFORT.

CON CLUS IONS/RECOMMEN DAT IONS

I. STANDARDIZATION OF ORBITAL REPLACEMENT UNIT (ORU) FASTENER DESIGNS AND

ELECTRICAL CONNECTOR DESIGNS GREATLY ENHANCES THE EVA CHANGEOUT TASK.

2. A UNIQUE SET OF EVA TOOLS IS BEING DEVELOPED TO MEET SPECIFIC ST MAINTENANCE

REQUI REMENTS o

.

.

0

6,i

A POWER RATCHET SHOULD BE PROVIDED AS A PRIMARY TOOL WITH THE MANUAL RATCHET

AS BACKUP. A POWER RATCHET IS MANY TIMES FASTER AND GREATLY REDUCES HAND/ARM

FATIGUE.

THE ST PORTABLE FOOT RESTRAINT(ADJUSTABLE IN ELEVATION, PITCH, ROLL, AND YAW),

IN CONJUNCTION WITH STRATEGICALLY LOCATED MOUNTING SOCKETS, PROVIDES A

VERSATILE EVA WORK PLATFORM.

THE REMOTE MANIPULATOR SYSTEM (_.IS) WITH THE MANIPULATOR FOOT RESTRAINT (MFR)

ATTACHED PROVIDES AN EVEN MORE FLEXIBLE SYSTEM SINCE IT PROVIDES A WORK

PLATFORM WITH TOOL BOARD AND PAYLOAD ATTACH PROVISIONS AND SERVES AS AN ORU

TRANSFER DEVICE

THE FLIGHT SUPPORT SYSTEM (FSS) (CONFIGURED TO SUPPORT ST PLANNED MAINTENANCE)

MEETS ALL ST BERTHING AND TENDING REQUIREMENTS.
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DOCKING

klff INTEREST IN RENDEZVOUS ANG DOCKING (RVO)?

RV9 IS A PREREQUISITE FOR ADVANCED SPACE OPERATIONS SUCH AS:

ASSENBLY IN SPACE

RETR! EVAL

SERVICING

NAINTENANCE ANO REPAIR

FOR CASES OF

| SPACECRAFT EXCEEDING THE LAUNCH CAPABILITY OF A SINGLE LAUNCHER

II MODULES TO BE LAUNCHED SEF_RATELY FflR ADO-ON OR EXCHANGE

l E_HANGE OF E_ERIHENTS, MATERIAL SAMPLES ETC.

II REFUELLING, REPLENISHHENT AND SCHEDULED _INTAINANCE

N RESCUE N]SSIONS

FOR THESE CASES AN UNNANNED RVO CAPABILITY IS REOUIRED FOR EUROPE

RENDEZVOUS AND DOCKING

EHPHASIS ON UNMANNED RVO?

HOMEVER._____.,

INTERVENTION CAPABILITY BY NAN HIGHLY DESIRABLE IN BUILD UP PHASE

UNE(TJALLED VERSATILITY AND PROBLEH SOLVING CAPABILITY OF NAN

0 MHEN NEM OPERATIONS BECONE ROUTINE NATI'ERS INVOLVEMENT OF HUI4AN OPERATORS

MAY BECOME UNECONOMIC

COST PENALTY OF TRANSPORTING NAN AM) LIFE SUPPORT E(_JTPNENT INTO ORBIT

INVOLVEMENT OF ASTRONAUTS NAY BE EXCLUDED A PRIORI

EXCESSIVE DISTANCES

LONG NISSIONDURATIONS

HOSTILE ENVIRONMENT



RENDEZVOUS AND DOCKING

M,IY EHPHASIS ON UNHANNED RVO?

RVO OF MANNED SPACECRAFT WILL EVLrNTUALLYALSO 8E REQUIRED FOR EUROPE

WITHIN SPACE STATION SCENARIO

FOR FUTURE AUTONOMOUSEUROPEAN MANNEOVEHICLES

_O_Eve__.__r,

EUROPE CANNOT PRESENTLY CONTRIBUTE SUBSTANTIALLY TO THE GEVELOPMENTOF I'_NNED R_)

- US LEAD OF I'_IRE THAN Z IIEAOES

- BECAUSE OF SAFETY CRITICALITY R_ WITH THE SPACE STATION ITSELF
WILL REMAIN RESPONSIBILITY OF NASA

- RVO INTERFACES DEVELOPED BY NASA WILL RE IMPOSED AS THE
STANOARD FOR COMPATTB[LITY ANO SAFETY REASONS

- THERE WILL BE A STRONG DRIVER FOR FUTURE EUROPEAN I,_NNED
VEHICLES TO USE THE SAJqER_I) INTERFACE FOR OVERALL MISSION
ANO RESCUE COMPATIBILITY

RENDEZVOUS AND DOCKING

v

T3d3 POTENTIAL DRIVER MISSIONS

I SERVICINGOF A 14ATERIAL PROCESSING PLATFORM

RV9 IN LEO J IWITHOUT RELAY SATELLITE

i
SPORADIC VISIBILITY

I
B HIGH ON-BOARD AUTONCMY

I
I) SUCCES VERIFICATION BY

GAOUND

.o.t oi iM[TH RELAY SATELLITE

0 ½ ORBIT VISIBILITY

I
O LOWERON-BOARO AUTOI_I4Y

I
O INITIATION, SEQUENCING

I'_INLY 8Y GROUND

ASSEMBLY JOF k TELECOHHUNICATION PLATFORM

R_ Ill GEO Rl_ IN GTO

I [
II PERMANENT VISIBILITY I LARGE VISIBILITY

B LIHITEO ON-BOARD AUTONOMY O[,?_Ot"O BECAUSE OF

I _ CONSTmLImS
m ZBZTZATZONAimCONTRm.

MAINLY BY GROUND

V



RENDEZVOUS AND DOCKING

MHAT EXTERNAL FACTORS AFFECT THE RVO CONCEPT?

0 ORBITAL FACTORS:

ORBITAL I_RIO0

- ORBITAL OISTURDANCES

- GROUNOVISIBILTTY WINil_S

- LIGHTING COl40[TIONS

II TECHNICAL RESOURCES:

GUIDANCE ANO CONTROl. CAPABILITIES OF GROUNOCONTR(H. CENTRE

AVAILABILITY OF A RELAY SATELLITE

NUMBERAND DISTRIBUTION OF GROUNOSTATIONS

CONSTRAINTS OF SPN3E AM) GROUNDCOMMUNICATIONS LINKS

RENDEZVOUS AND DOCKING

VISIBILITY EINOOI_S FOR ESA GROUNOSTATIONS IN 5001m LEO FOR 28.5 de9. (KSC) ANO S deg. (KOUROU) ORBITS

,_s.. |:
3.
4.
$.

! • 2|.S"

11.00

ORDIIPARAME;(R: 5IAT|ONS : _ " Se .

14C • SSN ks I- N4llnd|
. _irilWOi

_+r_ • O" 3 - Vitlifra.il

_J . O" 4 . _roi

. 0 = $ • liede

• " 2.gO " 4.0| $.00 |.0| |O.O§ 12.00 14.00 IS.go |g ......

Time (hr)

28.5 deg. ORBIT (KSC LAUNCH)

|.tqS to GS

I • S.O"

l, _1---_ -----_ ---_ _I--_ _LJ--__.___ l I _ [ _1"--'_'--_

|: . I J ILl
i/p.

l.|l P.IO 4,11 (I,Ig 8.OJ ll.la |2.00 ] 14.00 I1_.00 10.00 2§.OO _.00 24.00

T;me (hr]

5 deg. ORBIT (KOUROU LAUNCH)

'g-l'/.3

• .•- ._ i • .. _- ,,._- . . _ .-_ , * . . .



RENDEZVOUS AND DOCKING

VIEW ON NOI_TH-SOUTH PLANE

VIEW ON ORBIT P_E

EQUATOR PLANE

ECLIPSE 1

_+ SU_IER

S

ILLUMINATION CONDITIONS AND FLY-AROUND REQUIREhENTS FOR THE NOOE_ HISSION (example :
Particular set of orbit conditions)

z

RENDEZVOUS
AND DOCKING ]

RVO PHASES

LATCHING I PROXIHITY OPERATIONS APPROACH

I mm I Ocm 10m
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V Na)EL MISSION:

BASIC PHILOSOPHY:

RM3 PHASE SEQUENCING:

SYNCHRONIZATION PROgLEM:

RENDEZVOUS AND DOCKING

OPERATIONS CONCEPT

I RVO IN 500 I_ 28,,5" LEO glTNOUT RELAY SATELLITE

O ALL ESA GROUNDSTATIONS AVAILABLE

I CHASER ACTIVE, TARGET SUNPOINTING, PASSIVE

| ALL CONTROL MODES AND MANOEUVRESPERFORMEDAUTOMATICALLY ON-BOARD

g AFTER RVO SENSORACQUISITION, GROUND INTERVENTION ONLY FOR

- HONITORING OF PHOPER OPERATION, HEALTH CHECK3

VERIFICATION OF TRA.FCTORY KEY POINTS, UPOATING NAVIGATION

INITIATION OF FINAL APPROACHAND TERMINAL CLOSURE PHASES

INITIATION OF SUBSEQUENTPHASES ONLY AFTER VERIFICATION OF PREVIOUS ONE

INTROOUCTION OF INTERMEDIATE TARGET POINTS FOR vERIFICATION

R_q) PROCESS NOT SYNCHRONIZED glTH GROUNDVISIBILITY glNOONS

,AND 91314 LIGHTING CONDITIONS-"_INTROOUCYION OF TIME FLEXIBLE ELEMENTS:

SLOg DRIFTS

- PASSIVE HOLD POINTS ON TARGET ORBIT

- ACTIVE STATION KEEPING
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RENDEZVOUS AND DOCKING

-- j RVD MISSION SAFETY

PRIORITY OF PROTECTION

PRIORITY OF

PROTECTION

, PROTETI IBEABlETOJ
-K C • ! REPEAT RVD

.%_ TARGET I _ IN FUTURE

_"" FROM DAMAGE | I ATTEMPTS

_ _ T
R,_,_ PROTECT i / ,_

C CHAS.& TARG. I /.,,.

, _ BE ABLE TO I / o_
_R..x" RETRIEVECH.I / _)"

/ ,.q-(_%"
BE ABLE TO / ,,,r
REPEAT RVD /

IN THE SAME / .,_q-%

.,IisSiON / ,_- .

NOMINAL _ CRITICALITY OF

RVD MISSION "- OF FAILURE

RENDEZVOUS AND DOCKING

WHAT DOES ESA WANT TO ACHIEVE WITHIN THE TECHNOLOGY PROGRAMM_ ?

TO DEVELOP AND DEMONSTRATE A FUNCTIONAL R_ SYSTEM "BREADR(]_RO" LE_'I.

HOW ? _ BY :

- DE_EI_OPING SUITABLE R_ SYSTEMS AND OPERATIONAL CONCEI|q's FOR THE
POTENTIAL DRIVER MISSIONS

- ESTABLISHING R_A} SIMULATION PROGRAMS FOR GUIDANCE/TRAJECTORY CONTROL

AND OOCKING OYNN4ICS

DEVELOPING DOCKING MECHANI.T_4AND GUIDANCE SENSOR HARDWARE

DEVELOPING AN ON..BQARD SOFTWARE PROTOTYPE FOR A SPECIFIC MODEL MISSION CASE

- DEMONSTRATING "lTIE PERFORI_NCE OF THE R_) SYSTEM FOR THE CRITICAL L/_ RL:'_RS
ON A DYNAMIC MOTION SIMULATOR ACCONQOATING SENSORS, DOCKIN6 MIECHANISM AND

ON-BD_R D SOFTMARE

i
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LOGIC OF RVO DEVELOPMENT

PROGNANNE RVD CONCEPT DEFINITION
ANO SYSTENS ANALYSES

RVO TRAJECTORY
AND OPERATIONS
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(EXCL. PHYSICAL
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DESIGN AND
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SOFTWARE

(SIHULATEO)
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OF

SIHULATED
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SOFTWARE

PERFORMANCE
VERIFICATION
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&
DOCKING SYSTEN
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RENDEZVOUS AND DOCKING

IN-ORBIT V1ERIFICATION & OEHONSTI_TION

0 WHY IN-ORBIT DEMONSTRATION?

- AUTOMATIC R_ CANNOT BE CONSIDEREO REAOY FOR OPEAATZONAL MISSION UNLESS DEMONSTRATED ONCE

- TRUE VERIFICATION OF THE COMPLETE SYSTEM CAN ONLY BE PROVIDED IN DEDICATED RWO FLIGHT

0 MltkT HAS TO BE DONE PRIOR TO AN RVO DEMONSTRATION MISSION?

- RVO DEMO MISSION PUTS A RISK INVESTMENT IN FABRICATION ANO lAUNCH OF 2 SPACEQIAFT

- R_ sYSTEM MU_'T BE SUFFICIENTLY VERIFIED PRIOR TO OEMO MISSION TO ,JUSTIFY RISK

0 HARMONIZED VERIFICATION APPROACH TO RE ESTABLISHED:

- WHAT CAN BE VERIFIED ON GROONO?

- MHAT CAN BE VERIFIED IN-ORBIT ON HOST MISSIONS?

•: WPAT CAN BE VERIFIED ONLY BY A FULL R_ DEMONSTRATION MISSION

0 IN-ORBIT DEMONSTRATION OF RVD ELEMENTS PRESENTLY UNDER INVlEST|GATION BY THE AGENCY

0 STUDY PROGP.N4ME FOR R_D DEMO MISSION INVOLVING EURECA AND SECOND EUROPEAN SPACECRAFT

0 DEHONSTRATION OF MUTUAL RI/13 BETWEEN EUROPEAN ANO AMERIACAN VEHICLE MOULD BE HIGHLY DESIRABLE

RENDEZVOUS AND DOCKING

RVO DEMONSTRATION

WITH EURECA



DOCKING

ST/_I]AROI/JTIOII OF IMTERFACES

O STANOARD|ZATIOII OF INTERNS FOR UNMANNED R1/D HIGHLY DESIRABLE

IN ORDER TO ACHIEVE MISSION COMPATIBILITY

O R_ INTERFACES MUST BE DESIGNED TO MINIMIZE MASS ANO VOLUME PENALTIES (311 FUTURE MISSIONS

O AS A MINIMLIN, INTERFACES FOR FINAL APPROACH SENSORS ANO FOR OOCKING/BERTHING SHOULD BE STANDARDIZED

O ESA PROPOSES 4 HANDLES ARRANGED IN CRUCIFORM AS STANDARD DOCKING INTERFACE

(THIS IS SIMIL/M_ TO THE BERTHING INTERFACE ON THE SPACE TELESCOPE)

V

RENDEZVOUS AND DOCKING

HANOLE

\

i '

lATCH

CONNEC,r i0 N

"rv CAMERA _ _ _ SENSOR

AOCS-CLOSURE CONTROLLED

8-15"O



i



DEMONSTRATION MISSION FOR AUTONOMOUS RENDEZVOUS

WITH THE EURECA PLATFORM

Bo CLAUDINON

MATRA ESPACE

PoNATENBRUK

MBB/ERNO
H.P, NGUYEN

AEROSPATIALE

RENDEZVOUS AND PROXIMITY OPERATIONS WORKSHOP

LYNDON Bo JOHNSON SPACE CENTER

HOUSTON, TEXAS

19 - 22 FEBRUARY 1985



ABSTRACT

V Autonomous Rendezvousand Docking (RVD) in orbit is a new operation requiring in-flight

verification prior to operational application. Based on a prescribed mission model in low earth

orbit, verification objectives are derived. Alternative flight modes for verification purposes,

which may be structured into a continuous, step-by-step RVD qualification program, are

identified. The latter terminates with a final rehearsal in form of a dedicated, the whole RVD

process covering demonstration mission. Possible involved spacecraft are identified and Eureca

platform, as prime contender as target spacecraft, presented. Finally, demonstration mission

profile and monitoring concepts are discussed, _
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1. INTRODUCTION

The process of Rendezvous and Docking (RVO) performed in an autonomous or automated

mode, that is with no involvement of man in the guidance, navigation and control (GN & C) loop,

has been the subject of numerous in-depth studies, sponsored by the European Space Agency

(ESA) during the last few years. Within these studies, this RVD process was incorporated into
diverse scenarios, such as in low earth orbit (LEO),on transfer to geosynchronous height (GTO)

or on geostationary orbit (GEO) itself.

Due to the oncoming Space Station program and Europe's interest to participate, the LEO case

appears at present as the more probable and immediate one. It is this casewhere the investigations
have been carried far enough to identify the necessary technologies, to assess the maturity of

available technologies and to embark upon a technology development program. Accordingly,

the planning of such a program has been taken up by ESA (Ref. 1).

The subject RVD process is a new space operation, at least for Europe. Thus, the overall RVD

concept as well as the various technologies and operational techniques require comprehensive
J

verification prior to a first application in an operational mission. Basic verification of individual

pieces of equipment, of subsystem or of some interacting operations of hardware packages can

be provided on ground. Partial qualification of equipment, functions and operations can also be

provided in orbital flight not dedicated to RVD such as of single spacecraft. But the mastering of

the complete process, over its full range, fully representative of later needs, can probably be

demonstrated only in a dedicated RVD-test-flight, termed hereafter as the RVD-Demonstration-

Mission.

A brief presentation of one such possible mission, from the European point-of-view and as

formulated for the present on the basis of recent studies, is attempted in this paper. The present

frame does not allow to elaborate the many considerations associated, but a few key factors

affecting mission structure are discussed in the following sections.

v

2. THE MISSION MODEL

The overall demonstration goal is to successfully perform an RVD flight which is representative

of the RVD process, which is foreseen within a future operational mission. Thus, RVD elements

to be included in the verification flight depend above all on the type and scope of the latter. Its

type and altitude of orbit, its objectives, operational constraints and spacecraft characteristics,

impact the associated rendezvous strategies, guidance modes, proximity operations, used hard-

ware, required thrust levels for manoeuvring, illumination conditions, post docking activities

or ground station contact conditions and many more.

Taking, as an example, ground station performance in orbit determination and prediction " For

a given station, accuracies will depend on contact opportunities, which in turn are functions of

orbital height. Orbit determination accuracies, however, determine the least inter-spacecraft

-I-



acquisition-range at which autonomous RVD may be initiated. This, in turn, dictates ranging
requirements posed to the onboard long-range navigational sensor and thus affects the associated

sensor qualification objectives as well as the related demonstration of flight modes prior to and
following the inter-spacecraft-acquisition.

In sum, full understanding of the operational mission envisaged is necessary in order to define

and tailor to it an appropriate RVD-Demonstration-Flight. Up to the present, no such operation
mission was specifically given, so recourse had to be taken to a mission model.

Figure 2.1 depicts the nominal profile of a LEO RVD flight• as part of a possible operational

mission model. The trajectory shown is that of the chaser• with indicated numbers refering to

main operations of Table 22.. From No. 1.2.1 onwards, the RVD flight is shown in a target-
centered, earth pointed reference frame, but not to scale. The typical RVD phases are as follows :
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Figure 2.1 : The nominal profile of a possible LEO Rendezvous Mission Model
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Ground Guided Phase :

This mission model assumes an operational target spacecraft, earth pointed, on a 400 km circular

LEO. The chaser is deployed on a somewhat lower, nearly coplanar orbit. After ground contact

establishment and chaser health check, its orbit is adjusted, under-ground command, to rendez-

vous-compatible initial conditions, enabling subsequent inter-s/c-acquisition (ISA). From there

on, the chaser takes over its own navigation and guidance.

Homing Phase :

The subsequent flight is the autonomous RVD proper. Based on relative position measurements

of its own navigational sensors, the chaser guides itself along the "walking ellipse" and manoeuvres

into a first "hold point" in the vicinity of the Target. This hold point serves for check-out

purposes, verification of medium or short range sensors and/or for waiting for more convenient

orbital constellation for the subsequent final approach.

Final Approach Phase :

At the proper point in time, the chaser departs from the hold point and following selected

guidance schemes, such _s proportional navigation and circumflight of the target, the chaser

further approaches the latter and acquires its docking axis, respectively, all under its own GN & C.

Once on the Outer Target Point (OTP), on the Target docking axis, the chaser continues its

terminal closure, along the docking axis, towards the Inner Target Point (133=), just in front of

the Target docking port, performing proximity operations in i_reparation of the subsequent

Docking itself (Ref. 2).

tf-15"7
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Rendezvous Phase

Ground-Guided Phase

Homing Phase

Final Approach Phase

No. in

Fig. 2.1

1.1.1
1.i2
1.1.3
1.1 o4
1.1.5

1.2,1
1.2.2
12.3

1,3.1
1.3.2
1.3.3

2.1.1
2.1.2

22.1

2.3.1
2.3.2

3.1.1

32.1
3.22
3.2.3
3.2.4

3.3.1
3.3.2

3.4ol
3.4.2

3.5.1
3.5.2

Main Operation

Establishment of TTC link

Check on link to Data Relay Satellite
Omit determination from ground
Orbit adjustment
Tracking and thruster calibration

Orbit transfer preparation

Transfer thrusting

Preparing Initial Aim Point (lAP) thrusting

Acquisition of "Walking Eclipse"
Coasting towards target
Preparing for inter-s/c-acquisition (ISA)

Target acquisition by chaser sensors

Autonomous GN & C initiation, check by ground

Hold point S1 acquisition

Position maintenance

Preparing for Final Approach

Acceleration towards target

Stabilization of line-of-sight (LOS)
Range Rate vs. Range Control
Fine braking

Acquisition of Zero-Range-Rate Point, S2

Sustaining constant range
Acquisition of Outer Target Point (OTP)

Preparing for Terminal Closure

Close in and ProximiW Operations

Final braking to inner Target Point (ITP)
Preparing for docking (4.1)

Figure 2.2 : The Mission Model Rendezvous Phases and their Main Operations

Associated with this RVD mission model are particular on-board functions and hardware. Fig. 2.3

gives a possible basic block diagram of the chaser information management system, incorporating
an RVD_ledicated processor and its affiliated instrumentation as a subsystem on its own, The

instruments are listed in Figure 2.4, for both s/c involved, because

-- navigational sensors and their target reflectors
- both s/c docking adapters

- both s/c utility liner couplings

must be functionally and physically matched to each other.
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Figure 2.3 : Basic Diagram of the Chaser Information Management System
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MEDIUM RANGE NAVIGATION
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ATTITUOE MEASUREMENT
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VELOCITY MEASUREMENT
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FLUID TRANSFER COUPLING
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SUN SENSORS, COARSE/FINE

IREARTH SENSORS
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50-80 N 81-PROPELLANT THRUSTERS
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ACTIVE DOCKING MECHANISM {LATCHES)

CONNECTOR PLUGS AND ACTUATOR

CONNECTOR PLUGS AND ACTUATOR

CONNECTOR PLUG ANO ACTUATOR
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Figure 2.4 : Main RVD-related Equipment



Finally,theoverviewin Figure2.5 correlatesnavigationalsensors to the RVD phases and ranges
and _ndicates necessarymeasurement accuracies.As can be seen, three types 0f-"viewing" sensors
have been incorporated, namely :

-- a microwave pulse radar for far-range working e.g. in s-band

- a scanning laserradar for medium ranges

- a CCD camera sensor for short ranges

For more details about these sensors see Reference 3.
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3. IN-FLIGHT TESTING OBJECTIVES

Individual RVD techniques, hardware and procedures, that do not lend themselves either easily

or sufficiently convincing to qualification on ground, need validation in flight. Candidates for

flight validation must comply with the following criteria :

o have direct relationship with the RVD process or elements involved, such as sensor functions,

GN & C modes, docking/de-docking. On the other hand, for example, communication via a

data relay satellite, although of help in LEO-RVD-mission monitoring, is no direct part of

the RVD process.

o necessitate space environment and operations, such as laser sensor performance in vacuum

on deep space background.

o represent delicate operations under interaction of several subsystems and s/c dynamics and/or

taking account of mission constraints, as for example, the interplay of the chaser attitude

control system (AOCS) and Data Handling System (DHS) during AOCS reconfiguration

following docking.

Applying these criteria within the analysis of the aforementioned mission model, performed in

regard to in-flight manoeuvres and operations, vehicle hardware, software and on-board functions

as well as ground segment availability and involvement, resulted in the following general categories

of in-flight testing objectives.

o Establishing space environmental effects in order to provide basic design data for major

components. Figure 3.1 compiles some of these, whilst also indicating possible methods of

flights.

|

COMPONENT ] EFFECT METHOD
I

CCD--ARRAY PERFORMANCE DEGRADATION DUE TO TEST PACKAGE ON RETRIEVABLE MISSION, E.G.

LASER DIODE RADIATION ENVIRONMENT - EUREC_. MISSION

-- LDEF MISSION

B - 12 MONTHS EXPOSURE TIME

LASER SENSOR

CAMERA SENSOR

FUNCTIONAL PER FORMANCE UNDER

VARIABLE ILLUMINATION CONDITIONS

AND DIFFERENT RANGES, ANGLE5.
"SPECULAR REFLECTION

TEST PACKAGES ON RETRIEVABLE MISSION,

E.G.

SENSOR ON ORBITER, REFLECTORS AND LED
TARGET MARKING ON EURECA OR SMALL

TARGETBODY,

OR

TEST PACKAGES ON EXPENDABLE MISSION, E.G.

SENSOR ON APEX TECHN. SAT.

TARGET MARKING ON AR--4, 3. STAGE

OPTICAL REFLECTORS CONTAMINATION DUE TO PLUME TEST PACKAGE ON RETRIEVABLE MISSION, E.G.

IMPINGEMENT EURECA MISSION

REFLECTORS MOUNTED ON OUTER PANELS.

SHARED NASA/ESA INTEREST

RADAR SENSOR FUNCTIONAL PERFORMANCE TEST PACKAGE ON ORBITER. WiTH TRANSPON-

DER ON EURECA OR APPROPRIATE TARGET

8ODY.

GUIOANCE CDNTROLLER FUNCTIONAL PERFORMANCE TEST PACKAGE ON EURECA SIMULATING

,'SOFT ERROR ,° HOMING DURING THE GROUND CONTROLLED

TRANSFER PHASES

DOCKING MECHANISM AGING EFFECTS TEST PACKAGES ON LONG DURATION. RETRIEV-

COLD WELDING ABLE FREE-FLYER

Figure 3.1 : Establishing Space Environment Effects



0 Validation of mission phases performance, directly relevant to the automated RVD, namely :

inter-s/c-acquisition, homing manoeuvring, hold point acquisition and maintenance, final

approach inclusive terminal closure and proximity operations, docking and possibly un-

docking and retreat.

0 Validation of performing the nominal mission strategies, included in the above phases, within

given time constraints as determined e.g. by the availability of ground station links, launch

and recovery system, demonstration vehicle constraints, representative lighting conditions

etc.

0 Validation of the RVD spacecraft performances and capabilities in fulfilling system require-

ments under real environment conditions, including disturbances, such as propellant sloshing,

atmospheric drag, plume impingement, electromagnetic interference from ground as well as

when accounting for inaccuracies in orbit determination and errors in manoeuvre executions.

0 Validation of performance of RVD on-board operations of sensorics, GN & C, data handling

etc, under control of on-board software or under ground control, including initiation of

modes, their sequencing or transition switching.

0 Demonstration of the reliability and safety of the mission. This involves performance of

selected backup modes and contingency procedures, e.g. simulated contingency resulting in

an abort of the final approach and manoeuvring back to a stand-by hold point.

0

o

Validation of post<locking activities, including AOCS reconfiguration, connection of utility
lines.

Verification of the RVD analyses, ground-based simulations as well as ground nd

mission support.

When translating the above objectives into individual qualification elements, the groups of

Figure 32 result.
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O OPERATIONAL MODES AND

FUNCTIONAL PERFORMANCE

UNDER DIVERSE ENVIRONMENTAL

CONDITIONS AND RELATIVE

POSITIONS OF :

METHODS AND SOFTWARE OF CHECK-

OUT, SELF-TESTING :

,MODES AND PERFORMANCE OF

INTERACTION BETWEEN :

o SOFTWARE FUNCTIONS OF :

o SPACECRAFT DYNAMIC BEHAVIOUR I_DURING :

o GROUND OPERATIONS PERFORMANCE [_AS TO :

- MW SENSOR

- LASER SENSOR

- CAMERA SENSOR

- INERTIAL SENSORS

- DOCKING MECHANISM

- UTILITY LINES COUPLING

- RENDEZVOUS CONTROLLER

- DATA HANDLING SYSTEM

- DITO -

- DHS, GN & C, AOCS

- TARGET SEARCH, LOCK-ON, TRACKING MODES

- SENSOR SELECTION, NAVIGATION MODES
- GUIDANCE SCHEMES FOR HOLD POINT CONTROL

FOR PROPORTIONAL NAVIGATION
FOR TARGET CI RCUMFLIGHT

FOR TERMINAL CLOSURE

FOR ABORT

-- ATTITUDE RECONFIGURATION
- ON BOARD CONTINGENCY MANAGEMENT

- OPERATING SYSTEM

-- HOLD POINT CONTROL MANOEUVRE

- PROPORTIONAL NAVIGATION PHASE

- TARGET CIRCUMFLIGHT MANOEUVRE

- TERMINAL CLOSURE AND ABORT

- DOCKING/DE-DOCKING AND BACKING OFF

- ATTITUDE RECONFIGURATION OF JOINT/SEPAR.

S/C

- QUICK ORBIT DETERMINATION/PROPAGATION

PREDICTION
_ MONITORING/CONTROLLING RENDEZVOUS

STRATEGI ES
- COMPATIBILITY VERIFICATION BETWEEN

GROUND-BASED AND ON-BOARD ESTABLISHED

DATA
- ASSESSMENT OF EXECUTION DATA VS.

TOLERANCES
- VERIFICATION OF CORRECT ON-BOARD S/W

LOAD I NG
-- VALIDITY CHECKING OF TELEMETRED DATA

- QUICK TROUBLE-SHOOTING, CONTINGENCY

MANAGEMENT

- HANDLING SIMULTANEOUSLY TWO S/L
- DISCRIMINATED TRACKING OF TWO CHOSEN S/C

v Figure 3.2 : Qualification Elements



4. IN-FLIGHT TESTING APPROACH

Having identified what elements of the RVD process are to be flight qualified, the methods

of performing the latter have been investigated and evaluated. As a result, a progressive step-

by-step RVD qualification flight program (RQFP), culminating in and being round off by a

single, final, dedicated RVD-Demonstration Mission, covering the whole process, emerged as
safest and most cost_ffective approach.

In the progressive program, individual elements, such as pieces of equipment, techniques and

operational modes and procedures, are tested, verified and qualified in various steps, possibly one

building upon the other and where repeated, building up confidence. Different approaches offer

a variety of qualification methods. Figure 4. I compiles some of these ; they include :

APPROACH

VERNFICATION ELEMENT IS GIVEN

A UFT ON OTHER. NON--RVO--

RELATED MISSION

EXPLOITING OTHER S/C MIJ_ION

BY INCORPORATING RVD ELEMENT

INTO PLIGHT PROFILE. SUCH AS:

o FLIGHT ON TC INTO PRESET

CONTROL 8OX

TC RENOEZVOUS WITH

IMAGINARY TARGET POINT

IN PACE

EXPLOITING OTHER S/C IN'ORBIT

AS NON-INVOLVED TARGET

TWO OEDICATED S/C MtUlON

WITH RVD--INVOLVEO TARGET S/C

MEA,IU PRIME VERIFICATION PtJ_

TEST PACKAGE"DEDICATED TO

RVO VERIFICATION ELEMENT

AS ADO-ON PASSENGER

OTHER S/C SERVING AS

PARTIAL TEST VEHICLE

GROUNO-COMMANOEO

"'IILINO, NON--INTELLIGENT

CHASER"

fNO NAVIGATION SENSORS.

NO GN,IkC AUTONOMY)

GROUNO-COMMANOED, DEDICATED
TEST-VEHICLE. AS

"NON-INTELlIGENT CHASER"

(ON EOARO SENSORS, NO GN&C

AUTONOMY)

GROUNO-MONITOREO. DEDICATED
TEST-VEHICLE. AS

"INTELLIGENT CHASE R" (FULL

GN&C AUTONOMY. NO OMS)

GROUND-MONITORED,

0EDICATED TEST-VEHICLE AS

"fNTELLIGENT CHASER"

(FULL GN&C AUTONOMY, DIMS)

BASIC ENVJRONMENTAL IMPACT DATA

BASIC FUNCTIONAL PERFORMANCE

BASIC MANOEUVERING ON TC

SINGLE S/C DYNAMICAL BEHAVIOR

PERFORMANCE OF GROUND SEGMENT

BACK-UP MODES

MANOEUVERING BASED ON GROUNO-

PROCESSED, ON BOARD MEASUREMENTS

PERFORMANCES OF SENSORS

o AUTONOMOUS GN&C

o GROUND OVERRIOING PERFORMANCE

o ABORT/CONTINGENCY PROCEDURES

COMPLETE RENDEZVOUS PROCESS

OOCK ING/UNOOCKING PROCESSES

RECONFIGURATION OF S/C AOCS.

V

Figure 4.1 : Alternative Approaches to Flight Testing



o host missions to individual test packages or add-on experiments, mainly for basic data estab-

lishment or component functional tests.

o non-RVD-missions utilized for methods and procedures validation, such as manoeuvring

modes, ground crew training.

o single test vehicle flights for s/c dynamical behaviour testing or contingency management

routines.

o twin s/c mission with non-involved second s/c as target for rendezvous (no-docking) qualifi-

cation only.

o twin s/c mission with fully involved second target s/c for complete rendezvous and docking

demonstration.

• Provided s/c availability and appropriate flight opportunities, careful allocation of qualification

elements to the different flight approaches allows sequencing of steps and structuring of the

RQFP to be characterized by the following :

o Basic design data and the environmental world are established first and in time to be incor-

porated into hardware and conceptdevelopment

o Hardware components are development tested and space qualified individually, in conjunction

with necessary ground testing and simulators involvement, prior to being incorporated into

the system.

o Subsystems interactions and system control software are qualified progressively with in-

creasing complexity.

o Ground-based capability of handling two RVD Spacecraft and of overriding chaser own

decisions is built up and rendered routine prior to letting the chaser in space on its own.

o Contingency management and abort modes are qualified prior to attempting full RVD and

endangering the s/c.

o Rendezvous modes are qualified in the sequence of decreasing ranges, thus of increasing

risk to the target. Far range flight concept comes first, further approaches to the target

follow the gain in confidence in the steerability and controlability of the chaser.

o Docking is attempted last, only after adequate confidence in rendezvous and retreat has

been established.

o Ample time is offered for development of an optimally designed, dedicated RVD demon-

stration chaser.

-11-



An RVD qualification flight program thus defined
J

o progressively builds up the level of confidence in the RVD concept and its elements

o ends up with system elements largely space qualified

o diminishes the need for on-board testing and telemetry facilities

o renders the ultimate RVD-demonstration mission less complex, less risky and as such a final

rehearsal prior to the operational application of the RVD concept.

Figure 4.2 shows parts of such an RQFP, albeit an elder concept dated mid 1984. It shows

program links, utilization of non-RVD flight opportunities and ends up with Eureca 2 flight
as the final RVD-Demonstradon-Mission.

It should be noted that dates and flight opportunities have changed in the meantime, rendering
the shown program obsolete.
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RVO TECHNOLOGY PROGRAM PLANNING

0/8 S/W DEVELOPMENT I VERIFICATION

S/W SIMULATION FACILITY

H/M SIMULATOR PLANNING + ESTABLISHMENT

V_DEO DATA PACXAGE PREPARATION

- CAMERA BEHAVIOUR IN GEO, DATA PROCESS ON
GROUND
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Figure 4.2 : Sample of an RVD Qualification Flight Program



The flight hardware that can be utilized for flight qualification purposes may be diverse, see

Figure / 4.3. To some degree it depends on the time horizon envisaged. In principle, for verification

up to the end of the present decade, those termed "category '80" could be used, provided flight

opportunities are identified and verification planning and implementation are timely initiated.

For verifications up to, say, the middle of the 90-ies, those termed "Category '90" may be

conceived in addition, again under the condition that their development will be decided upon.

As shown, most of the available flight hardware is Shuttle-borne. But expendable launch vehicles

should not be excluded from consideration. They may offer attractive opportunities of flight, in

particular for short-duration add-on test items, where recovery is not mandatory for retrieval of

results.
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Figure 4.3 : In-Flight Verification Means
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5. RVDDEMONSTRATIONS/CANDORBIT

Consideringnowtile final RVD-DemonstrationMission,theselectionof theuseds/c,the type of

orbit and the associated launcher system are interrelated. Starting with the type of orbit, the

following arguments speak in favour of LEO as the preferred one :

RVD-in-LEO is expected to be the first European case of application of an automated RVD

concept.

o More LEO Spacecraft seem to be available thus earlier flight opportunities are expected.

o In terms of environmental effects and operational constraints, RVD-in-LEO is the more

demanding case. Mastering automated RVD-in-LEO will easily enable its application else-
where.

Retrieval of demonstration s/c enhances post-mission evaluation and enables mission repetition

with same hardware and s/c. This implies Space Shuttle involvement, binding the mission ¢o
LEO.

o ,Space Shuttle involvement offers additional support: services during the demonstration in

LEO, such as flight monitoring, data relay or intervention in emergency case.

o Finally, Space Shuffle involvement enables sharing launch cost with other payloads, thus

reducing demonstration mission recurring cost. Also, the Shuttle is the only current vehicle

offering routine injection into LEO within the next decade, maximizing mission initiation

success, ........ . ........ ..... , = _ _

A comprehensive morphological analysis of Shuttle-borne spacecraft, that could serve as the

RVD demonstration vehicles, has been done. Figure 5.1 shows a few of them :

SPAS
-- has been flown in a low-performance version, thus must be upgraded to fly as

a chaser

Eureca

Sun-

orientated

Vehicle

its development has recently been decided, its first mission is in advanced planning
(Ref. 4)

is in an advanced defintion phase, shall serve as a standard core bus for satellites.

Although conceived for Ariane launch it shall be flyable within the Orbiter too.

V

TODOS

Eureca

Subsats

was originally conceived as a chaser for RVD-in-GEO missions. The concept was
dropped in the meantime.

were especially conceived as least_:ost demonstration targets, with Eureca as
chaser.

 --I&tt



_j

=SUN-ORIENTATED SATELLITE

(MBB/ERNO CONCEPT)

HASER)

(CHASER/TARGET)

TODOS (MBB/ERNO CONCEPT)
(CHASER)

Figure 5.1 : Demonstration Spacecraft Alternatives

Now, to render the program viable in terms of cost and schedule, existing spacecraft should

possibly be the first contenders, i.e. EURECA and SPAS, noting that for the time being only one

flight unit apiece is foreseen.

To assign a role to any of them, mission requirements on chaser and target hardware must be

established, then modifications necessary for assuming the role of a chaser or a target must be

elaborated. That has been done for EURECA in several studies with the result that the choice of

it as chaser induces important modifications in both the hardware and software areas. A major

development interference of the two projects EURECA and RVD Demonstration would result,

causing high risks for both.

As to cost, too, it is quite doubtful that the combination of

- a considerably modified EURECA as chaser, and

- a newly designed target, or adapted SPAS target

would be more interesting than the alternative of

- a little impacted EURECA as target, see Figure 5_2, and

- a considerably upgraded SPAS as chaser, or a newly designed chaser

The contrary seems more likely. For these reasons, the recommendation is to use EURECA as

target s/c only and provide a dedicated chaser s/c either based on SPAS or on a completely new

design. Figure 5.3 shows one such proposed chaser concept. In the present frame, possible chaser

layout cannot be discussed further.



VOLUMEAND MASS

- REQUIRED FOR RVD HARDWARE

- LOST TO OTHERPAYLOAO

IS MINIMUM

ON-BOARO DATA HANDLING, TM/rc+ SOFTWARE LOAD
IS HARDLY AFFECTED BY RVO

NO NEED TO COMPLICATE O_I-BOARD SENSORIC

LEAST DISTURBANCES TO EURECA MISSION PLANNING

AND PREPARATION

RETAINS FULL ON--BOARD FUEL CAPACITY FOR OWN

MISSION

IF ABORT NECESSARY, EURECA IS.TOO SLOW FOR

PROXIMITY FLY BY OR HOLD

IF SYSTEM FAILS DUE TO EMERGENCY SIMULATION

DURING DEMONSTRATION, EURECA MISSION CAN

CONTINUE AS PLANNED

WITH DEMONSTRATION AT BEGINNING OF EURECA

MISSION, RETRIEVAL OF RVD-INVOLVED HARDWARE

IMMEDIATELY FOLLOWING DEMO IS POSSIBLE

Figure 5.2 : Reasons for selecting EURECA as Target

LEAST COST CHARGES

ON RVD DEMO

_l
P

ENSURE HIGHEST

EURECA

MISSION SUCCESS

IMPROVED

LEARNING

EFFECT

SHUTTLE-8ORNE
CHASER IN

CHASER IN FLIGHT CONFIGURATION LAUNCH CONFIGURATION

TARGET INTERFACE

PLATE PLATE

Figure 5.3 : A Chaser SIC Alternative Concept
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Basically, there are various modes of coupling a chaser, such as a SPAS Version to EURECA,

Figure 5.4. Investigations have shown the following merits for preferring the diagonal docking

with the chaser length parallel to EURECA solar panels :

o EURECA payload is impacted least

o EURECA attitude sensors are not affected, Figure 5.5

o The Orbiter RMS retains accessibility to EURECA grapple fixture, even in docked configu-

ration

o No deceiving effects by reflected sun light, from EURECA solar array, on the optical sensors

of the approaching chaser

o EURECA docking plane is inclined by 45 ° to the Sun, so that there is no need to repeat

docking demonstration once with the sun in the back of the chaser and once normal thereto.

DOCKING
SEPARATION
PLANE

I
SPAS

EURECA_

c l

PREFERRED CONCEPT

I - \DOCKING

!

Figure 5.4 : Alternative Docking Position
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./ // 180 °
/_FOV

IRES FOV :

ACQUISITION 120 °

ELEMENTARY 3 ° x 3 °

+Z

FOV 180_fPOSSi BLE

DOCK AXIS

EU RECA AOCS SENSORS

The expected drawbacks of

Figure 5.5 : EURECA Equipment

o unsymmetry in docked configuration, is expected to be handled by reconfigured AOCS

o docking impulse not going through EURECA e.g. is not considered critical, as resulting
torque is very low.
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6. RVD DEMONSTRATION PROFILE

"%. .f Different profiles of a Shuttle-borne, EURECA-utilized, RVD-Demonstration mission can be

conceived. Figure 6.1 depicts and compares 3 alternative ones :

O

-- after EURECA operational mission, prior to its retrieval

- during EURECA operational mission

- prior to EURECA operational mission, just after deployment

The last one is currently the preferred one. Its features are :

o RVD Demonstration takes place on the Orbiter Standard orbit of 300 km altitude

RVD Demonstration takes place immediately following the deployment of EURECA (as

Target) and the chaser (e.g. SPAS) from the Orbiter Carg O Bay, prior to EURECA depar-

ture onto its ascending transfer to its operational cell.

49o .=, - L[URECA
r
L._ _V__0___RETRIEVAL

300 ION
OE'_LOY ORB I TEIt

CRITERIA

TARGET
S/C

t,- _-o-=_===.v
EURECA ( RVD'0EN0 | f

+ -t | /.--EURECA

SUB-SAT-/ LRETRIEVAL /

- - -/ ...... .,o /_"ETRIEVAL
, , • o_ , -_ ---Oe---=-=I=BJL-c---

DEPLOY _ ORIIITER _k DEPLOY OEHO _E-ORBITER

EURECA WITH MINIMUM AMOUNT SUB-SATELLITE IS A NEW DEVELOP. EURECA WITH MINIMUM AMOUNT
OF MODIFICATIONS MENT OF MODIFICATIONS

CHASER S/C NEW DEVELOPMENT WHICH COULD EURECA WITH MAJOR MODIFI- UPGRADED SPAS
BE USED FOR OTHER MISSIONS CATIDNS CAUSING IMPACT ON

NOMINAL MISSION AND PAYLOADS

DEMONSTRATION
OPERATIONS

IMFI.ICATIOI_

DEMONSTRATION PERFORMED AT
THE END OF THE EURECA MISSION

CHASER SYSTEMS ARE AT THEIR
BEGINNING OF LIFE

DEMONSTRATION PERFORMED
OUTSIDE VISIBILITY RANGE OF
OR81TER

EURECA RVD HARDWARE B
MONTHS IN SFACE ENVIRONMENT

DEMONSTRATION PERFORMED AT
END OF ORBITER MISSION

DEMONSTRATION LOST IF EURECA
RVD SYSTEMS FAILED

RISK OF LOOSING TRACK OF BOTH
SPACECRAFT FOLLOWING A
DEMONSTRATION ACCIDENT

ORBITER TO PHASE ADJUST ANO
ASCEND FOR RETRIEVAL OF
BOTH SPACECRAFT

DEMONSTRATION PERFORMED AT
THE END OF THE EURECA MISSION

BOTH SPACECRAFT SYSTEMS 6
MONTHS IN SPACE ENVIRONMENT

ORBITER NOT PRESENT

DEMONSTRATION PERFORMED
PRIOR ro CHASER ENO OF LIFE

DEMONSTRATION PERFORMED
BETWEEN ORBITER MISSIONS

RVD READINESS OF BOTH SPACE
CRAFT DOUBTFUL

RISK OF LOOSING TRACK OF BOTH
SPACECRAFT FOLLOWING A
DEMONSTRATION ACCIDENT

ORBITER TO PHASE ADJUST AND
ASCEND FOR RETRIEVAL OF
COMBINED SPACECRAFT

DEMONSTRATION PERFORMED PRIOR
TO NOMINAL EUHECA MISSION

CHASER SYSTEM ARE AT THEIR
BEGINNING OF LIFE

OEMONSTRATION PERFORMED IN
VISUAL RANGE OF ORBITER

ALL RVD SYSTEMS ARE AT
BEGINNING OF LIFE

DEMONSTRATION PERFORMED AT
8EGINNING OF ORBITER MISSIONS

RVD READINESS OF BOTH SPACE.
CRAFT ENSURED

Vl51BLE TRACKING FROM ORBITER
FOLLOWING A DEMONSTRATION
ACCIDENT

CHASER ONLY RETRIEVED ON
ORBITER MISSION ORBIT

Figure 6.1 : Alternative Demonstration Profiles
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o All RVD tests can be performed within sight of the accompaning Orbiter.

o All RVD test objectives are covered, however in a sequence not fully coherent with the

nominal run down of the mission model it intends to represent, i.e.

- near range objectives come first, including demonstration of emergency abort prior

to docking

docking with subsequent de-docking and possibly repetition of I_oth processes being

performed in midpoint

long range objectives come last, when EURECA drifts away to embark on its nominal

-mission

o The chaser can be recovered by the Orbiter immediately following achievement of RVD

demonstration objectives

Figure 6_ lists the associated run down. RVD demonstration starts already at event 7, when the

target reaches a distance of about 2 km from the Orbiter and stays on a waiting ellipse while the

chaser comes drifting towards it. At that point

o ESANET takes over mission responsibility

o inter-s/c_cquisition by the laser and microwave sensor systems takes place.
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EVT Time _v
No. h:min m/s

I EU 0:1g -

2 EU 1:Ig -

3 SP 3:Ig -

4 EU 3:35 0.123

5 SP 4:51 -

6 EU 5:06 0.123

? EU 5:ig 0.289

B SP 5:2g 0.025

9 SP 5:4g -

10 SP 7:16 -

11 Eli . 11:21 0.289

12 SP 11:31 0.025

13.50 e.o.e.

13 14:02 o. 180
14:45 b.o.e=

14 14:47 0 o144

15:20 e.o.e.

15 15:33 0.300

16 15:41 0.400

17 15:44 0.200

18 15:50 0.500

16:15 b .D.C.

16:51 e.o.e

Ig 16:55 0.300

20 17:02 0.100

21 17:04 -
17:46 b.o.e

-._- 18:21 e.o.e
22 18:25 0.050

23 18:47 0.050

lg : 16 b.o.e

19:52 e.o.e.

Z_, lg: 55 0.100

;'5 20:45

20:47 b.o.e.

® 26 20:50 0.050

27 21:15 0.050

21:2Z e.o.e.

28 21:25 0.100

29 21:38 0.030

30 22:23 O.150

31 23 :og 0.180

32 23:28 (0.200)

33 28:30

Eli deployment from orbiter cargo bay
Eli checkout begin

Begin SPAS checkout via umbilical
Initiate EURECA drift manoeuvre

SPAS deployment from cargo bay

Stop drift manoeuvre at 2 km

Initiate synchronous holdpoint between 2 - 3 km

Initiate SPAS drift manoeuvre

Establish inter S/C ranging by microwave

EstabLish inter S/C laser ranging

- test microwave & laser ranging -

Stop Elioscillation at 2.0 km from orbiter

Stop SPAS drift at 1.5 km from orbiter (4 orbits)

Initiation of Rmanoeuvre ,500 to 125 m

Initiation of a synchronous holdpoint 125 to - 125 m approximation to 63 m

Initiation of rectinliear approach .

Initiate LOS rotation at R = 50 m _ R =0

Stop LOS rotation at R = 50 m J

Initiate emergency program at R = 50 m

Continue approach

Arrive at last meter, proceed to docking

Capture, docking, checkout

Initiate rotation by 45°/docking axis perpendicular to solar vector

Stop rotation, start checkout in second attitude

Start de-docking & re-docking sequence

De- & re-docking sequence ended

Initiate re-rotation 45" to previous attitude

Stop rotation

De-dock & retreat to 20 m (rectilinear)

Initiate _manoeuvre transfer to 100 m

Initiate _manoeuvre transfer to -500 m

Stabilize holdpoint at -500 m

- SPAS ready for retrieval -

Initiate EURECA retreat

- Perform long range sensor testing -

EURECA reaches 10 km from SPAS -

Eli EURECA (Target)

SP - SPAS (Chaser)

b.o.a. - begin of eclipse

e.o.e. - end of eclipse

Figure 6.2 : RVD Demonstration Timeline



Figure 6.3 showsthis initiation phase in an Orbiter_centered, earth-pointed reference system.
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Figure 6.3 : S/C Drift Away after Deployment, seen from Earth Pointed Orbiter

Turning over to a target-centered reference system (index r denotes rotating, index i denotes

inertial), Figure 6.4 shows the motion of the chaser around the target. Number refer to events

in Figure 6.2. The following demonstrations take place :

Event 15- 16

16-17

17 - 20

21

21 - 28

29 - 31

proportional navigation guidance scheme

Los rotation at constant range of 50 m

terminal closure plus emergency abort, retreat, retrial

docking

tests in docked configuration

chaser retreat and acquisition of a hold point for retrieval
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Figure 6.4 : Chaser Relative Motion in Target-fixed Frame
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7. RVD DEMONSTRATION MONITORING

Finally, a short comment as to monitoring the Demonstration rundown. Successful achievement

of demonstration objectives must be confirmed to mission control center, preferably in real

time. In LEO, direct contact opportunities, s/c<jround are sparse and brief. Thus a data relay
satellite (ORS), although not absolutely necessary for automated RVD - is of considerable

help in sustaining links to ground. For EURECA missions a DRS link, via inter-orbit-communi-

cation (IOC) equipment aboard EU RECA, is planned. Target monitoring is thus ensured.

For the chaser, alternative modes are possible, Figure 7.1. The preferred mode would be to

modulate telemetry data on the microwave navigation link, from the chaser onto the target,

and whence to ground.

The vicinity of the Orbiter during the rendezvous flight offers here a further nominal or back-up

alternative.
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Figure 7.1 : RVD Demonstration Monitoring Alternatives



8. CONCLUSIONS

o The developmentof anautomatedRendezvousand Dockingcapabilitycalls for an in-flight

qualification program that may culminate in a complete RVD.Demonstration Mission.

o Performing the RVD demonstration in LEO, as part of an EURECA flight, seems to be the

more viable and economical way

o Choosing the EU RECA platform as target s/c and developing a dedicated chaser s/c is currently

the preferred solution

o The RVD-DemonStration Mission may come earliest at the beginning of the 90-ies

o The involvement of the shuttle in the RVD-Demonstration flight may be extended to advan-

tage beyond the mere transportation functions, in particular for monitoring and as contin-

gency data-relay back-up.

o A joint U.S. - European mission for demonstrating automated RVD is deemed an attractive

ventu re.
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